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“On the ordinary view of each species having been independently created, we gain no scientific 
explanation.” 
 - Charles Darwin, Origin of Species (1859).
CHAPTER 1. GENERAL INTRODUCTION TO MEMBRANE PROTEINS 
INVOLVED IN PHOTOSYNTHESIS: SIGNIFICANCE, STRUCTURE ANALYSES 
AND DIVERSITY    8 
Abstract 
This chapter provides a perspective to the research portrayed in this thesis. It rereads the existence of the 
membrane proteins involved in Photosynthesis, such as photosystem I and II, since time immemorial, their 
(co-operative) roles, the structural comparison across higher plants and primeval organisms, and further, 
how they have evolved over time in different organisms. Furthermore, the complexity of multi-subunit 
structure  of  NADH  dehydrogenase,  an  enzyme  with  roles  in  respiration,  cyclic  electron  flow  around 
photosystem I and carbon acquisition is discussed. The three proteins have been studied in 4 different 
organisms, i.e. cyanobacteria, a green alga, a moss and plants.   9 
PHOTOSYNTHESIS  
Photosynthesis  is  the  most  important  life  process  occurring  in  plants,  some  algae  and 
cyanobacteria as well as their relatives. Photosynthesis can be divided into two parts, according 
to the catalyzed reaction steps: (1) The light reactions are the first steps in which the sun's 
energy is captured to drive the synthesis of the energy-rich components ATP and NADPH. (2) 
The dark reactions use the energy from the light reactions to fix carbon dioxide (absorbed from 
air or water) into sugars (glyceraldehyde 3-phosphate/sucrose/starch) as part of the Calvin 
cycle  and  subsequent  reactions.  Photosynthesis  can  also  be  divided  into  oxygenic  and 
anoxygenic photosynthesis. Anoxygenic photosynthesis takes place without water splitting and 
oxygen evolution in some types of bacteria, such as purple bacteria by one type of photosystem. 
In  cyanobacteria,  algae  and  green  plants  the  primary  light  reactions  are  catalyzed  by  two 
photosystems; photosystem I (PSI) and photosystem II (PSII), the cytochrome b6f complex, 
which mediates electron transport between PSII and PSI and converts the redox energy into a 
proton gradient, and an ATP synthase (F-ATPase) that produces ATP at the expense of the 
proton motive force. In plants, all four proteins are localized in the thylakoid membrane. PSII 
catalyzes the water splitting reaction to generate molecular oxygen, hydrogen and electrons; 
while  PSI  catalyzes  the  light-driven  electron  transfer  from  the  soluble  electron  carrier, 
plastocyanin,  located  at  the  lumenal  side  of  the  thylakoid  membrane  (thylakoid  space),  to 
ferredoxin,  at  the  stromal  side  of  membrane  (Bengis  and  Nelson,  1977).  In  this  thesis, 
anoxygenic photosynthesis will not be discussed. Research described in this thesis has been 
carried out on photosynthetic protein from 5 very different organisms carrying out oxygenic 
photosynthesis:  the  higher  plant  Arabidopsis  thaliana,  the  cyanobacteria  Synechococcus  and 
Anabaena spp., the green  alga  Chlamydomonas  reinhardtti,  and  the  moss  Physcomitrella patens. 
Because these organisms are evolutionarily quite distant they differ not only in the subunit 
composition of PSI, PSII and other proteins but also in the way the whole process is organized 
in the membrane and within the cell (summarized information is given for each organism group 
under “Diversity of photosystems”). For instance, cyanobacteria have no highly specialized types 
of membranes, because they have no organelles. But in eukaryotes photosynthesis takes place 
inside a special organelle, the chloroplast. A schematic overview of photosynthesis in green 
plants is presented in Figure 1. It shows in the top right corner a simple scheme of a chloroplast, 
with its folded membranes in green. These membranes are partly stacked. The major part of 
figure  1  zooms  in  on  the  proteins  within  the  thylakoid  membrane,  including  the  flow  of 
electrons (ochre arrows), proton pumping (in red) and utilization of protons (red dotted line) 
from the acidified thylakoid space or lumen (in green) through the ATP synthase complex to 
the stroma. All the water-soluble proteins involved in the Calvin cycle are located in the stroma, 
the  space  between  the  chloroplast  thylakoid  membrane  and  the  outer  membrane  of  the 
chloroplast. For simplicity, all the components of the primary photosynthetic reactions are 
depicted  next  to  each  other,  although  in  reality  there  is  separation  into  specific  domains 
between PSII on one hand and PSI plus ATP synthase on the other (Dekker and Boekema 2005). 
   10 
 
Figure 1. A schematic overview of photosynthesis in green plant chloroplasts. 
 
SIGNIFICANCE OF PHOTOSYSTEMS 
PSI and PSII are the major and largest protein complexes of the photosynthetic apparatus of 
oxygenic photosynthesis. Together they carry out the primary reactions of photosynthesis: the 
absorption of light energy leading to the splitting of water into molecular hydrogen and release 
of oxygen to the atmosphere (by PSII), and the efficient transfer of electrons by PSI. 
Plant PSI is known to operate at extraordinarily high-energy conversion efficiency close to 
100%, thereby making it the most efficient light capturing and natural energy transformation 
device (Nelson and Yocum, 2006). So because of this, there are captivating expectations for the 
sun energy utilization and manufacturing of optimized photo sensory devices (Carmeli et al., 
2007; Terasaki et al., 2007).  
On  the  other  hand,  PSII  catalyzes  the  light  activated  reaction  of  electron  transfer  and 
subsequent water splitting generating molecular oxygen into the atmosphere and hydrogen as 
reducing equivalent required for the conversion of CO2 into simple sugars. Therefore, besides 
the  vital  role  in  catalyzing  the  production  of  the  molecules  of  life,  the  property  of  water 
splitting  is  being  considered  in  biotechnology  due  to  the  accelerated  interest  in  H2  as  an 
alternative energy carrier, to address current economic and environmental concerns around 
fossil fuel depletion and global warming. 
Understanding the functional structure and dynamics of these complexes is a key to optimal 
exploitation of their worthy properties.   11 
PHOTOSYSTEM STRUCTURES 
The basic structures of PSI and PSII have similarities in the form of two functional parts; 1) the 
core complex or reaction center (RC) which functions to separate the energy charge, and 2) the 
associating  or  membrane  bound  protein  antennae  system  also  known  as  light  harvesting 
complexes  I  and  II  (LHCI  and  LHCII)  for  PSI  and  PSII,  respectively,  which  function  in 
absorbing the light energy and photo protection. 
But these photosystems have evolved into distinguished individual systems that collaborate to 
drive the coordinated light driven electron and energy transfer, as well as cooperating during 
adaptations to spectral light fluctuations. 
 
Photosystem I 
Photosystem I is a multisubunit protein complex located in thylakoid membranes of plants, 
algae and cyanobacteria, where it initiates one of the first steps of solar energy conversion by 
light-driven electron transport. The first biochemical characterizations of PSI were performed 
in 1966 (Anderson et al., 1966) and 1975 (Bengis and Nelson), but only much later basic facts 
such as the subunit composition could be established. Also in time the functions of the various 
subunits became clear. The steadfast amplification of knowledge of PSI structure function has 
been reviewed in Chitnis, 2001; Jensen et al., 2007; Amunts & Nelson, 2009; Busch & Hippler 
2011.  
PSI consists of two separate functional units: the PSI core with 16 core subunits (PsaA to PsaL, 
PsaN to PsaP and PsaR), and the LHCI peripheral antenna that are unique to plants and green 
algae. The cyanobacterial counterpart, which doesn’t have LHCI, is smaller and consists of 10 
homologous subunits out of the 16 proteins PsaA-PsaR. Even after about one billion years of 
evolution these subunits are still closely related. In addition, cyanobacteria have the unique 
subunits PsaM and PsaX (Jordan et al., 2001; Fromme et al., 2001). The functions of the 
different subunits and their presence or absence in some selected photosynthetic organisms are 
summarized in Table 1. 
 
The two largest subunits, PsaA and PsaB (82-83 kDa), have evolved via gene duplication and 
have a similar folding into 11 transmembrane helices. They form a heterodimer that harbors the 
RC and components for electron transport. Within the membrane, PsaA and PsaB show a 
nearly  perfect  two-fold  symmetry,  but  outside  the  membrane  long  loops  make  the 
heterotrimer asymmetric. These loops bind some of the many small subunits PsaC to PsaX, 
which all have a mass less than 20kDa. In both plants and cyanobacteria, subunits PsaC, -D and 
-E are located on the stromal side and believed to function as a docking site during electron 
transfer to ferredoxin. On the lumenal side PsaF and PsaN are important for interaction with 
plastocyanin, a soluble electron carrier protein (Haldrup et al., 1999; Farah et al., 1995). 
 
Many other things of interest concerning PSI became clear from the high-resolution structures. 
The determination of the first high-reolution structure of cyanobacterial PSI at 2.5 Å resolution 
was a milestone achieved in 2001 (Jordan et al., 2001). It was performed on the trimeric form 
of  the  protein  and  showed  for  the  first  time  the  3D  network  of  96  chlorophylls  and  22 
carotenoids of each monomer. In the trimer, three copies of the PsaL subunit are in the centre 
and connect the monomers. The connecting role of PSaL was established in a mutant study,   12 
which showed that only monomers could be isolated in the absence of PsaL (Chitnis et al., 
1993). In most cyanobacteria, monomers exist besides trimers, although the trimeric form is 
usually the most dominant. The first evidence for trimers was found by electron microscopy  
(Boekema et al., 1987), and for a long time it was thought that this was the only type of 
multimeric organization. However, more recently evidence for dimeric and tetrameric forms 
were found from other cyanobacteria, in particular Anabaena (Watanabe et al., 2011).  
 
A first plant PSI structure was solved in 2003, at medium (4.4 Å) resolution. It did not show all 
the small subunits, but clearly indicated the elctron density of 4 copies peripheral light-antenna 
proteins,  Lhca1-4  (Ben-Shem  et al.,  2003).  The  plant  PSI  can  be  seen  as  a  blue-print  for 
eukaryotic photosynthetic organisms, because in plants, algae and diatoms PSI complexes have 
been only isolated as monomers with associating LHCI (Ben-Shem et al., 2003; Veith and 
Büchel, 2007; Germano et al., 2002; Gardian et al., 2007; Busch et al., 2010). The absence of 
PSI oligomerization is due to presence of an extra subunit, PsaH, considered to be a late 
addition to PSI (Scheller et al., 2001). PsaH was found to be able to crosslink with subunits 
PsaD, PsaI, and PsaL (Andersen et al., 1992); all located near a known domain of interaction of 
monomers in Synechococcus (Schubert et al., 1997) thus preventing trimerization. 
 
A special adaptation process in green plants, named state transition, is able to redirect energy 
flow towards PSI and PSII on a short-time basis (Jensen et al., 2007). A major part of state 
transition is the reversible association of LHCII trimers, involved in light-harvesting, to PSI. In 
state II, a LHCII trimer can associate with PSI, and in this way more excitation energy can flow 
to the reaction center of PSI. In eukaryotic PSI, the subunits PsaH, PsaL, PsaO, PsaP and PsaI 
are a vital docking site for LHCII by direct interaction or stabilization during state transition 
(Jensen  et al.,  2007).  Subunits  PsaG  and  PsaK  are  30%  homologous  (Jensen  et al.,  2007) 
although the former has been so far found in plants and algae. PsaG binds to PsaB and interacts 
with peripheral antennae, while PsaK binds to PsaA and is also involved in binding of peripheral 
antennae complexes.  
In the refined crystal structure of plant PSI at 3.3 Å (Amunts et al., 2007), a small subunit close 
to PsaK and lhca3 designated PsaR was found, which is predicted to play a stabilization role. 
PsaP and PsaM are not found in green algae whereas the latter can be found in red algae with 
implications in a trimerization role. 
 
Photosystem II 
PSII is composed of PSII core where the photochemistry and water oxidation takes place and 
the  peripheral  light-harvesting  complex,  which  contains  the  bulk  of  the  light  absorbing 
pigments, and provides excitation energy to the core. 
The core complex has a molecular mass of ~350 kDa and consists of about 20 subunits (see 
table 2 for designations) that seem to be similar through evolution from cyanobacteria to higher 
plants. The major ones in most systems are PsbA (D1) and PsbD (D2), which provide the 
primary site for photochemistry in PSII (Tang et al., 1990), together with PsbB (CP47), and 
PsbC (CP43), which are large chlorophyll a binding complexes close to the RC. And apparently 
17 of them with less than10 kDa were found to associate putatively with the PSII complex. 
Most of them contain a single transmembrane spanning helix and their protein sequences are   13 
conserved among photosynthetic organisms. Analysis of mutants of these subunits revealed that 
the majority of them are involved in stabilization, assembly or dimerization of the PSII complex 
(Shi and Schröder, 2004). 
In  order  to  enhance  energy  absorption,  plants  and  algae  developed  accessory  membrane 
embedded light harvesting complexes that form the outer antenna with a high pigment-to-
protein  ratio  (35%  pigments),  where  as  cyanobacteria  have  the  membrane-associated 
phycobilisomes (Neilson and Durnford, 2010). In higher plants six genes (Lhcb1-6) encode for 
the PSII antenna complexes (Jansson, 1999) of which Lhcb1-3 comprise LHCII, the major 
antenna complex. The other genes Lhcb4-6 encode for the minor antennas, CP29, CP26 and 
CP24,  respectively,  which  exist  as  monomers  in  the  membrane  (Schmid,  2008;  van 
Amerongen  and  Croce,  2008).  LHCII  exist  in  the  membrane  in  the  form  of  a  trimers  
(Kuhlrandt et al., 1994; Caffari et al., 2004), but because Lhcb1-3 are slightly different, several 
forms of heterotrimers exist. Based on their position in supercomplexes (see below), these 
trimers were further designated as S, M, and L in correlation to how strongly they associate to 
the core complex (Boekema et al., 1999). The association of LHCII trimers has been portrayed 
as significant for energy transfer pathway within PSII and the regulatory, cooperative dynamics 
of balancing excitation energy with PSI during state transition. 
COOPERATIVITY OF PHOTOSYSTEMS 
Despite the need to absorb as much light energy as possible, the variation in the spectral quality 
of light reaching the photosystems may superscede their capacity and become intolerable. This 
temporary condition triggers reactions including the phosphorylation and dissociation of loosely 
attached mobile antennae from PSII (Takahashi et al., 2006; Iwai et al., 2008) and further, their 
association  with  PSI  in  an  adaptive  phenomenon  termed  state  transition.  However,  state 
transition is not further discussed in this thesis.   14 
Table 1. Composition of PSI in photosynthetic organisms 
a 
Subunit 
 
Molecular 
Mass in 
Plants 
(kDa) 
Function 
(In plants) 
Presence in 
Cyanobacteria  Higher plants 
(Arabidopsis 
thaliana) 
Green Algae 
B 
(Chlamydomonas) 
Physcomitrella 
C 
PSaA  83.2  Light harvesting         
PSaB  82.4  Charge separation         
    Electron transport         
PSaC  8.9  Electron transport 
Binding ferredoxin 
       
PSaD  17.7/17.9  Binding ferredoxin         
    Binding PSaC         
PSaE  10.8  Binding ferredoxin & FNR         
    Involved in cyclic electron 
transport (CET) 
       
PSaF  17.5  Binding plastocyanin         
    Binding of LHCI-730         
PSaG  11  Binding of LHCI-680  Absent       
PSaH  10.2/10.4  Binding of LHCII 
(state transition) 
Absent       
    Stabilization of PSaD         
PSaI  4.0  Stabilization of PSaL         
PSaJ  5.0  Stabilization of PSaF         
PSaK  9.0  Binding of LHCI-680         
PSaL  18.0  Stabilization of PSaH         
PSaM  3.3  Unknown, possibly CET    Absent  Absent   
PSaN  9.7/9.8  Docking of plastocyanin 
Stabilization of lhca2/3
D 
Absent       
PSaO  10.1    Absent       
PsaP  10    Absent    Absent   
PSaR
D    Proposed involvement in 
LHC1 stabilization 
Absent  Newly 
modelled
D 
   
PsaX        Absent     
Lhca  22-25  Light harvesting  None 
(phycobilisomes) 
AtLhca1- 6
E  Lhca1- 9
B  PpLhca 
1.1,1.2,1.3 
Pplhca 
2.1,2.2,2.3,2.4 
Pplhca 
3.2,3.2,3.3,3.4 
Pplhca 5 
A Scheller et al., 2001; Jensen et al., 2007; Buschs & Hippler 2011) 
B  Stauber
 et al., 2003; Drop et al, 2011 
C Alboresi et al., 2008 
D Amunts et al., 2010 
E Jensen et al., 2007 
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Table 2. Photosystem II core subunit composition 
Subunit  Mass 
(kDa) 
Function 
(As deduced from mutants of Arabidopsis/Chlamydomonas/Cyanobacteria)
F 
PsbA (D1)  32  PSII core reaction center protein. 
PsbD (D2)  34  Needed for assembly of a stable PSII complex. 
PsbB (CP47)  51  Catalyzes primary photochemical processes) 
PsbC (CP43)  43  Catalyzes primary photochemical processes) 
PsbE  9  Involved in PSII assembly, electron transport and photoprotection 
PsbF  4-5  Involved in PSII assembly, electron transport and photoprotection 
PsbH  9  PSII stability, assembly, electron transport at acceptor side of PSII, photoprotection and bicarbonate binding 
PsbI  4  PSII dimerization and stability, Maintenance of PSII structure and function under high light 
PsbJ  4  Assembly of water splitting complex, Involved in electron transfer within PSII. 
PsbK  4  Plastoquinone binding. Dimerisation. 
PsbL  4  Donor side electron transfer, PSII assembly and dimerization. 
PsbM
**  4-5  Unknown 
PsbN
**  4  PSII stability? (deleted along with PsbH) 
PsbO  33  Stabilizes manganese cluster.  Binds GTP, calcium ions and chloride ions. Promotes redox cycling in light. 
PsbP  23  May be involved in the regulation of PSII. 
PsbQ  16  Unknown. 
PsbR
*  10  Associated  with  oxygen  evolving  complex  of  PSII,  pH-dependent  stabilizing  protein  for  PSII,  Docking 
protein for PSII extrinsic proteins. 
PsbS  22  May be involved in non-photochemical quenching, to protect plant against photo-oxidative damage. 
PsbT
*  4  Dimerization and Stabilization, and Recovery of photodamaged PSII 
PsbW
*  6  Subunit of the water oxidation complex of PSII reaction centre complex.  Dimerisation and photoprotection. 
PsbX
**  4  Binding or turnover of quinone molecules. 
PsbY
**  19
G  Unknown 
PsbZ  6.5  Controls the interaction of PSII cores with the light-harvesting antenna (as a linker). 
F  Shi and Schroder, 2004     
G MW deduced from nucleotide sequence 
*Protein does not exist in cyanobacteria 
**No mutants reported yet in eukaryotes 
DIVERSITY OF THE PHOTOSYSTHETIC APPARATUS 
A summary of some important features of photosynthetic organisms deliberated upon in this 
thesis. 
Cyanobacteria 
Cyanobacteria  advanced  early  in  evolution  as  the  first  organisms  to  perform  oxygenic 
photosynthesis. The fact that PSII can perform water splitting and produce molecular oxygen as 
a  waste  product  dramatically  changed  the  composition  of  the  atmosphere  on  Earth. 
Cyanobacteria are still abundant in many freshwater and oceanic habitats. In comparison to 
green plants and most algae like Chlamydomonas, cyanobacteria have the same two photosystems,   16 
PSI and PSII, located in the thylakoid membrane. But the photosynthetic membranes do not 
show strong stacking, so PSI and PSII are virtually not distinctly separated (Trissl and Wilhelm, 
1993). A marked difference is that instead of the intra-membranous antennae (LHC) found in 
higher plants and green algae, giant soluble complexes (over ~ 50 nm in size) associate with the 
membrane surface. They are called the phycobilisomes (PBS) and perform light harvesting in 
cyanobacteria  and  in  some  types  of  algae.  Although  a  PBS  is  composed  of  hundreds  of 
phycobiliproteins plus a few linker polypeptides, light energy absorbed anywhere within the 
particle is efficiently transferred towards the photosystems within the membrane (Adir 2005). 
They have the capacity to bind to PSI and photosystem II (PSII) in order to transfer excitation 
energy  to  both  complexes  under  certain  conditions  (Kirilovsky  and  Ohad,  1986; 
Rakhimberdieva  et al.,  2001;  Kondo  et.al.,  2007;  Mullineaux,  2008;  Dong  et al.,  2009); 
although the exact way of binding is not clear. Components of the phycobilisomes are known at 
high-resolution, but the full PBSs have not been resolved at high resolution. In figure 2 some of 
the current structural knowledge of the cyanobacterial membrane and the PBS is compiled. It 
shows the main players in the light reactions and a possible way in which the PBSs are attached 
to PSII domains. For simplicity only one PBS position is depicted. 
Apart from association with PBS, there were no PSI supercomplexes observed under normal 
conditions.  But  under  iron-deficient  growth  conditions  of  cyanobacteria,  trimeric  PSI  was 
isolated encircle by 18 IsiA proteins (Kouril et al., 2003). IsiA was found to accumulate in 
cyanobacteria in excess for functional light harvesting by PSI, and further significantly built 
supercomplexes without PSI. Because the further decline of PSI makes photosystem II (PSII) 
increasingly vulnerable to photooxidation, postulating that synthesis of IsiA in surplus shields 
PSII from excess light (Yeremenko et al., 2004).  
 
 
Figure 2. An overview of the photosynthetic membrane in cyanobacteria. The main players of the 
primary light reactions are dimeric Photosystem II (green), trimeric Photosystem I (blue), ATP 
synthase  (red),  Complex  I  or  NDH-1  (ochre)  and  cytochrome  b6f  complex  (purple). 
Phycobilisomes (PBSs) are associated on the membranes in an unknown way; the rectangle gives 
an impression how they may attach to PSII and PSI. The full PBS is floppy and difficult to resolve 
by single particle averaging of electron microscopy projections (left). Truncated phycobilisomes 
(middle), obtained from mutants, are better resolved and give an impression how multiple PBS 
proteins  arrange  as  cylinders,  which  further  assemble  into  physobilisomes  (Folea  et al.,  2008; 
Arteni et al., 2009). There is no separation between PSII vs. PSI and ATP synthase as in chloroplasts. 
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Higher Plants 
The higher plant PSI core part has a similar structure as the full complex of cyanobacteria (Ben-
Shem et al. 2003), with 11 common conserved subunits (Table 1) (Scheller et al., 2001). Some 
of the differences in the small subunits have been discussed before. The most noteworthy 
overall difference is in the membrane-bound LHCI antenna. In plant PSI it consists of 4 LHCI 
proteins, named Lhca 1-4. Single copies of these antenna proteins form a peripheral crescent-
shaped structure (Lam et al., 1984; Ben-Shem et al., 2003; Boekema et al., 2001). These Lhca’s 
bind carotenoids, chlorophylls and serve to increase the absorption cross-section (Schmid et al. 
1997; Croce et al. 2002). The whole PSI-LHCI supercomplex has also been shown to associate 
with antennae from PSII during state transition (Kouril et al., 2005 and Galka et al., 2012). 
PSII is known to assemble into larger super complexes with variable amounts of membrane-
bound  peripheral  antenna  complexes,  which  sometimes  are  dimeric  and  may  contain  2–4 
copies  of  trimeric  LHCII  complexes.  The  complexes  in  Arabidopsis thaliana  have  been  thus 
isolated as C2, C2S, C2S2, C2S2M, C2S2M2, C2S2M2L, and so on with the core alone or in 
association of 1 to 6 trimers (Boekema et al., 1999). Further PSII complexes have a tendency to 
associate into mega-complexes, consisting of two supercomplexes, or into crystalline domains. 
 
Green Algae 
Over  the  last  30  years  Chlamydomonas reinhardtii  has  become  the  model  green  alga.  It  is  a 
unicellular species with two flagella. Besides the nucleus it has a large, single chloroplast. It can 
grow  photosynthetically,  but  also  heterotrophically  in  the  dark  on  simple  medium  and  is 
amenable to scientific methodology, making it an important model system for essential studies 
on photosynthesis. The nuclear genome with a size of ~120 MB has been fully sequenced and 
can be easily transformed, which made Chlamydomonas reinhardtii a popular species for genetic 
studies.  
 
The PSI complex of Chlamydomonas reinhardtii has the same core subunits PsaA-PsaR which are 
present in green plants (Table 1; Stauber et al., 2003). But the full PSI complex is notably 
larger compared to that from plants. Proteomics studies revealed up to nine different Lhca 
proteins (Lhca1-9) expressed at protein level (Stauber et al., 2003), instead of the usual number 
of 4 in green plants.  The fact that there is a higher number of antenna proteins present is also 
obvious from an early electron microscopy study of the Groningen EM group (Germano et al., 
2002). It indicated a substantially larger PSI projection structure than plant PSI, although the 
exact number of light-harvesting copies could not be firmly established at that time. More 
recent work is consistent with the unique, large size of PSI (Drop et al., 2011). Some of the 
antenna subunits were detected to be at sub-stoichiometric levels (Stauber et al., 2003), which 
demonstrates that PSI complex in Chlamydomonas reinhardtii may be flexible in adjusting to 
environmental or physiological conditions. It has also been established that strains lacking the 
PSI  core  still  expressed  antennae  lhca  2,  3,  and  9,  implying  that  these  are  assembled 
independent of the core (Takahashi et al., 2004). 
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Photosystem II differs slightly from green plant PSII in subunit composition. One relevant 
difference concerns the antenna. Chlamydomonas reinhardtii has no CP24 protein. PSII was until 
very lately believed to be organized in smaller supercomplexes than in plants since C2S2 was 
the largest isolated supercomplex. The absence of the larger C2S2M2 sounds logic, because in 
green plants CP24 is involved in binding of the two M trimers. This could also justify the 
significant state transitional effect observed whereby removal of a trimer from a smaller PSII 
complex will have a stronger energy shift compared to when the trimer dissociates from a 
relatively larger complex. However, recently large PSII supercomplexes were isolated from 
Chlamydomonas reinhardtii (Tokotsu et al., 2012; this thesis Chapter 5). The largest complex 
constitutes of a core dimer and 6 associated trimers. 
 
Physcomitrella 
The moss Physcomitrella patens presents an organism that dates back to the transition time from 
aquatic to terrestrial life. This was a significant step in the evolution of today’s green plants, 
making a study of the photosynthetic mechanisms of the species relevant (Rensing et al., 2008). 
However, little is known about the photosystems. A recent in-silico study comparing PSI from 
P. patens  with  that  from  plants,  and  algae  using  EST  and  moss’  whole  genome  sequence, 
revealed  that  although  it  encoded  more  lhca  proteins,  there  were  no  lhca4  and  lhca6 
homologues (Alboresi et al., 2008). A further biochemical analysis of the isolated PSI complex 
showed  it  to  run  much  lower  than  complexes  from  Arabidopsis thaliana  and  Chlamydomonas 
reinhardtii in a native gel implying that it is much smaller. 
NADH DEHYDROGENASE  (COMPLEX I) 
The membrane protein NADH dehydrogenase is involved in energy transduction by converting 
NADH into NAD+ and pumping protons over the membrane. It is present in eubacteria, 
archea and eukaryotes. In mitochondria it is part of the oxidative phosphorylation system and is 
usually called Complex I, as it is the first complex out of 5 leading to the synthesis of ATP, 
which is the main purpose of mitochondria. The five protein complexes (I, II, III, IV and V) are 
also known as the respiratory chain and complex V is usually called ATP synthase. Complex I 
(officially named NADH:ubiquinone oxidoreductase) funnels the electrons provided by NADH 
in  a  linear  way  from  the  cofactor,  FMN,  via  several  iron-sulphur  clusters  to  the  electron 
acceptor, ubiquinone. Ubiquinone, in turn transfers the electrons to the next complex in the 
chain, which is Complex III (ubiquinone:cytochrome c reductase). Electron flow is obligatory 
coupled  to  the  transfer  of  protons  over  the  inner  mitochondrial  membrane.  The  proton 
gradient, built up by Complex I, Complex III and IV (cytochrome oxidase) is finally used by the 
ATP synthase system for ATP synthesis. 
Complex I is of a remarkable complexity, because it has so many subunits. The eukaryotic 
Complex  I  system  consists  of  up  to  48  different  proteins,  depending  on  the  system.  In 
Arabidopsis thaliana Complex I is composed of 48 subunits and another 4 are possible candidates 
(Klodmann et al., 2011). Of these many subunits, 14 ‘core’ subunits (about 550 kDa in total) 
are conserved from bacteria to eukaryotic systems. The high degree of sequence conservation of 
core subunits indicates that the mechanism of complex I is probably the same throughout all 
species. In bacteria the 14 core subunits form a “minimal enzyme” complex, which is also the 
frame for the larger mitochondrial complex, with a molecular mass approaching 1 MDa (Vogel   19 
et al., 2004; Hirst et al., 2003 and Brandt 2006). Many of the additional or “supernumerary” 
eukaryotic subunits are small and peripheral and are less well understood. 
Life would have been easier if the prokaryotic and eukaryotic Complex I proteins would have 
similar names for the homologous subunits. But for historic reasons the names of the 14 core 
subunits  differ  in  many  systems  (Table  2).  And  to  add  to  the  confusion  Complex  I  of 
cyanobacteria and plant chloroplasts are commonly named NDH-1 and NDH, respectively and 
also have other functions. Further, the minimal enzyme does not have a fixed number of 14 
subunits  for  all  species.  In  E. coli  the  NuoC  and  NuoD  subunits  are  fused  and  Thermus 
thermophilus has a unique 15th subunit, Nqo15. The cyanobacterial and plant chloroplast NDH-
1 complexes appear to lack 3 subunits, which are named NuoE, -F and –G in E. coli. 
A  next  topic  of  complexity  of  Complex  I  systems  is  the  fact  that  some  other  enzymatic 
functions are integrated within the complex. A small accessory subunit was found to be an acyl 
carrier  protein  (ACP)  involved  in  fatty  acid  synthesis  (Friedrich  et  al.,  1995).  Plant 
mitochondrial Complex I have integrated carbonic anhydrases, which are involved in CO2 
metabolism  (Sunderhaus  et al.,  2006).  Cyanobacterial  Complex  I  or  NDH-1  has  subunits 
involved in CO2 metabolism as well (Zhang et al., 2004). 
 
Table 2.  An overview of the 14 core subunits of Complex I (modified from Brandt et al., 2006) 
  “model” 
eukaryote 
  prokaryotes and chloroplasts 
Bos taurus  yeast  Homo      
sapiens 
E. coli 
 
Paracoccus & 
T. thermophilus 
cyanobacteria   
chloroplasts 
75 kDa  NUAM  NDUFS1  NuoG               Nqo3  absent 
51 kDa  NUBM  NDUFV1  NuoF                  Nqo1  absent 
49 kDa  NUCM  NDUFS2  NuoCD          
(fused)        
D  part  C 
part 
Nqo4    NdhH 
30 kDa  NUGM  NDUFS3  Nqo5  NdhJ 
24 kDa  NUHM  NDUFV2  NuoE                Nqo2  absent 
TYKY  NUIM  NDUFS8  NuoI      Nqo9  NdhI 
PSST  NUKM  NDUFS7  NuoB  Nqo6  NdhK 
Nqo15 (unique) 
ND1  NU1M  ND1  NuoH   Nqo8  NdhA 
ND2  NU2M  ND2  NuoN   Nqo14  NdhB 
ND3  NU3M  ND3  NuoA   Nqo7  NdhK 
ND4  NU4M  ND4  NuoM   Nqo13  NdhD 
ND4L  NULM  ND4L  NuoK   Nqo11  NdhE 
ND5  NU5M  ND5  NuoL   Nqo12  NdhF 
ND6  NU6M  ND6  NuoJ   Nqo10  NdhG 
          NdhL 
          MdhM NdhN  
          MdhN NdhO  
          MdhO NdhM  
          CupA* 
CupS* 
CupB* 
*CupA and CupB genes are specific for cyanobacteria. 
STRUCTURE OF COMPLEX I 
Electron microscopy first showed that all the mitochondrial and bacterial Complex I systems 
have a characteristic L-shaped structure (see Yagi and Yagi 2003, for an overview). Complex I 
consists of a membrane domain and a large hydrophilic domain, which protrudes into the   20 
mitochondrial  matrix  or  bacterial  cytoplasm  (Figure  3).  Despite  the  fact  that  the  minimal 
enzyme of E. coli has only 14 of the 45 subunits of the bovine Complex I, it has the same overall 
L-shape.  The  hydrophilic  domain  can  be  further  divided  in  two  components:  an  NADH 
oxidizing  unit  and  a  connecting  unit.  Cyanobacteria  and  plant  chloroplasts,  however,  lack 
obvious  homologues  to  the  three  subunits  consisting  the  NADH  oxidizing  unit  of  the 
hydrophilic domain, which are responsible for binding and oxidizing NADH (Table 2; Figure 3).  
A first breakthrough in the knowledge of Complex I was achieved by Sazanov and Hinchliffe by 
obtaining a high-resolution X-ray structure of the hydrophilic domain of Complex I of Thermus 
thermophilus.  It  shows  the  position  of  eight  subunits  and  all  redox  centres  of  the  enzyme, 
including nine iron sulphur centres (Sazanov and Hinchliffe 2006). The structure and function 
of the membrane domain, was later discovered. It showed a very remarkable and complex 
situation  of  about  3  membrane  proton  pumps  in  arrow,  unique  in  nature.  (Efremov  and 
Sazanov, 2011; Hunte et al., 2010). 
 
 
Figure  3.  Complex  I  consists  of  a  Membrane  domain  and  a  large  hydrophilic  domain.  The 
Hydrophillic  domain  is  made  up  of  the  NADH  oxidizing  unit  and  the  connecting  unit.  All 
prokaryotic and eukaryotic complexes I are L-shaped, but the hydrophilic domain is shorter in 
cyanobacteria  and  chloroplast  because  they  lack  the  NUOE,-F,  and  G  proteins.  Plant 
mitochondria have carbonic anhydrase subunits attached at the centre. Cyanobacteria appear to 
have a 2
nd hydrophilic domain (unknown unit) at the tip of the membrane domain. It could be 
established  that  this  domain  contains  the  CupA  protein  (Folea  et al.  2008);  in  chapter  2  the 
location of another subunit in this domain is described.  The location of most (small) membrane 
subunits and the site of proton pumping are not known. 
 
STRUCTURE OF CYANOBACTERIAL NDH-1, PLANT COMPLEX I AND RELATIONS TO FUNCTION 
In the recent years novel mitochondrial Complex I particles from the plant Arabidospsis thaliana 
(Dudkina et al., 2005a), the colorless alga Polytomella spp. (Sunderhaus et al., 2006) and NDH-1 
of the cyanobacterium Thermosynechococcus elongatus (Arteni et al., 2006) have been characterized. 
These complexes appear to have the same overall L-shape as those previously characterized in 
other labs, but differ in specific details. Mitochondrial Complex I from Polytomella differs in the 
membrane domain. In addition to the hydrophilic domain there are two additional hydrophilic 
units present, located at the center and the tip of the membrane domain (Fig. 4a,b). The 
central unit is larger in Arabidopsis (Fig. 4e,f), but it appears that cyanobacteria lack this matrix-
exposed density (Fig. 4g). Recent research indicated that the central unit is formed by carbonic   21 
anhydrase  subunits,  which  are  probably  attached  with  one  membrane  spanning  to  the 
membrane domain (Sunderhaus et al., 2006). Plant and algal carbonic anhydrases are involved 
in  CO2 metabolism.  They  catalyze  the  inter-conversion  of  CO2  and  bicarbonate  (HCO3
-). 
Bicarbonate can be actively transported over membranes by specific transport proteins, but for 
CO2 there are no specific transporters known. The central carbonic anhydrase domain is likely 
close to the entry side of the proton pump, because catalysis strongly depends on a local basic 
pH. This domain is absent in yeasts, E. coli and other non-photosynthetic organisms. It is not 
known if carbonic anhydrase subunits are integrated in cyanobacteria NDH-1. 
The additional hydrophilic unit at the tip of the membrane domain (“unknown unit”, Fig. 3) 
appears to be always present in Polytomella (Fig. 4a,b) and absent in purified NDH-1 from 
Thermosynechococcus  elongatus  (Arteni  et  al.,  2006).  However,  we  recently  found  that 
cyanobacterial NDH-1 may have lost this unknown unit. If NDH-1 is partially purified after 
digitonin sulubilization over 99% of the particles have the unknown unit still attached (Fig. 4h; 
I.M.  Folea,  M.  Rögner,  E.J.  Boekema,  unpublished  data).  The  unknown  unit  of 
Thermosynechococcus is larger than its counterpart in Polytomella. It might be composed of the 
CupA and Sll1735 proteins, involved in CO2 uptake (Zhang et al., 2004). 
 
 
Figure  4.  Variation  in  Complex  I  particles,  as  seen  in  side-view  maps  obtained  by  electron 
microscopy  single  particle  averaging.  (A)  NDH-1  projection  map  from  the  cyanobacterium 
Thermosynechococcus  (“NADH-1L”  particle  from  A.A.  Arteni  et al., 2006  (B)  NADH-1M  particle 
from Arteni 2006 (C) map Thermosynechococcus with an unknown extension of the hydrophilic arm, 
which has structural homology to the E. coli NADH oxidizing unit from Arteni (D) NDH-1 with 
CupA  and  CupS  attached  taken  from  Folea  et al., 2008  (E,F)  plant  mitochondrial  Arabidopsis 
thaliana maps with and without the NADH oxydizing unit taken from Dudkina et al., 2005 (G) 
bovine  Complex  I  from  one  of  the  Dudkina  N.V.  Dudkina  et al., 2010  (H)  map  from  the  alga 
Polytomella without the NADH oxydizing unit (Dudkina et al., 2006). 
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SINGLE PARTICLE ELECTRON MICROSCOPY OF PHOTOSYNTHESIS’S MEMBRANE PROTEINS  
Multiple efforts to characterize various membrane protein complexes by X-ray crystallography 
have  led  to  detailed  information  of  many  of  them.  The  largest  ones,  however,  are  a  real 
challenge.  For many large membrane protein complexes it is difficult to get crystals that give 
diffraction better than 3 Å, which is necessary to understand the flow of protons, electrons and 
positions  of  water  molecules,  typically  the  things  that  matter  in  photosysnthesis  and 
bioenergetics. It took, for instance, more than 10 years to get a 6.3 Å structure of the 40-
subunit Complex I from Yarrowia lipolytica (Hunte et al. 2010). Probably it will be a bridge too 
far to get the right high quality crystals from the respirasome, which is the supercomplex of 
Complex  I,  dimeric  Complex  III  and  Complex  IV.  In  such  cases  electron  microscopy  in 
correlation to several biochemical characterizations is very valuable for studying the structure 
and function of macromolecules, their oligomers and supramolecular assemblies. 
In the last decade single particle analysis of electron microscopy projections has become a major 
tool  in  structural  studies  of  large molecular  assemblies  such  as  membrane  supercomplexes 
(Boekema  et al.  2009).  Recently,  a  3.3  Å  structure  of  the  aquareovirus  was  reported  by 
averaging 30,000 projections. The density map revealed side-chain densities of all types of 
amino acids (except glycine), enabling construction of a full-atom model of the viral particle 
with 900 copies of 6 different proteins (Zhang et al 2010). This example is, however, a highly 
symmetrical object where imposing the symmetry substantially helped to push the resolution. 
In an other study on the flexible 26S proteasome substantially more particles (a total of about 
2.5 million) were necessary to obtain a reconstruction at 7 Å resolution (Beck et al. 2012). 
Basically, the method of single particle averaging consists of a few crucial steps, which are 
illustrated in the scheme of Fig. 5. It starts with step 1, the particle selection, or more precisely 
with the (automated) picking projection maps of single particles. If projections result from one 
type of orientation on the EM support film, averaging is possible after a simple alignment 
procedure  (step  2).  The  alignment  step  brings  projections  into  equivalent  positions  by 
computing rotational and translational shifts. Just summing of projections, however, is really 
meaningless when the projections arise from particles in different orientations (Boekema et al. 
2009). To deal with this, data sets have to be treated with multivariate statistical analysis 
together with automated classification (step 3, see Van Heel et al. 2000; Frank 2002). After 
statistical analysis and classification, those images that are most similar can be grouped together. 
The output of the classification are "classes" of groups of homogeneous projections, of which 
the best class members are summed in step 4, according to their correlation coefficient in the 
last alignment step. Finally in step 5, maps can be combined or matched with other structural 
data, if available.   23 
 
Figure 5. A general scheme of single Particle Electron Microscopy for the analysis of projection 
structures. 
SCOPE OF THIS THESIS 
Chapter 2 is about cyanobacterial NDH-1, the counterpart of mitochondrial Complex I and the 
novelty of this chapter is the assignment of subunit positions. This was done with a fused tag, 
the Yellow Fluorescent Protein (YFP). YFP and other fluorescent proteins of the GFP protein 
family have been used extensively for structural studies with light microscopy, but just for their 
fluorescence aspects. YFP is, however, a small and highly stable protein that can be visualized 
by single particle electron microscopy. This way of using YFP is new, which makes the chapter 
of interest for two aspects.  
Chapter 3 presents a structural and functional characterization of the Photosystem I complex 
from  Chlamydomonas reinhardtii  based  on  biochemical  and  electron  microscopic  data.  The 
correlative data describes the whole complex and sub-complexes, lacking subunits involved in 
light-harvesting. 
Chapter 4 provides a perspective on the effect of high light on the photosynthetic apparatus of 
Chlamydomonas reinhardtii. High light is an important environmental stress condition. A drastic 
effect on the size of the peripheral LHC antenna of the PSI complex was found. 
Chapter 5 presents a detailed structural and functional analysis of a recently identified PSII 
supercomplex from Chlamydomonas reinhardtii with much larger antennae than previously found 
after solubilization with harsh detergents. 
Chapter 6 is a revelation about the functional and architectural structure of PSI complex from 
the moss P. patens, the pioneering land habitants during evolution. 
Chapter 7 provides the first available structural projection map of a tetrameric PSI complex 
from the cyanobacterium Anabaena. This is the first PSI tetrameric structure described. 
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‘Guiducci wrote that "people who wish to determine the location of a comet by means of parallax must first 
establish that the comet is a fixed and real object and not a mere appearance..."’ 
- Galileo Galilei, Discoveries &Opinions of Galileo (The Assayer, 1623).
CHAPTER 2. POSSIBILITIES OF SUBUNIT LOCALIZATION WITH 
FLUORESCENT PROTEIN TAGS AND ELECTRON MICROSCOPY 
EXAMPLIFIED BY A CYANOBACTERIAL NDH-1 STUDY   25 
ABSTRACT 
Cyanobacterial NDH-1 is a multi-subunit complex involved in proton translocation, cyclic electron flow 
around photosystem I and CO2 uptake. The function and location of several of its small subunits are 
unknown. In this work, the location of the small subunits NdhL, -M, -N, -O and CupS of Synechocystis 
6803 NDH-1 was established by electron microscopy (EM) and single particle analysis. To perform this, 
the subunits were enlarged by fusion with the YFP protein. After classification of projections, the position of 
the YFP tag was revealed. It was found that all five subunits are integrated in the membrane domain. The 
results on NDH-1 demonstrate that a GFP tag can be revealed after data processing of EM data sets of 
moderate size, thus showing that this way of labeling is a fast and reliable way for subunit mapping in 
multi-subunit complexes after partial purification. 
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INTRODUCTION 
There is nowadays a strong call for tools to localize specific proteins or protein subunits within 
cells or subcellular components. Light microscopy can fulfill this demand on the level of cells, 
but not at high resolution within subcellular compartments or macromolecules. In the last 
decades antibody-labeling has been one of the most widely applied techniques in cell biology, 
often in combination with thin sectioning and electron microscopy. This allows to directly 
localize specific proteins in cell sections, because small gold clusters, linked to the antibodies 
raised against these proteins, can be easily visualized. Antibodies can also be used to localize 
proteins within large multi-subunit protein complexes. A typical example is the early work on 
mapping ribosomal subunits by Georg Stöffler and colleagues (Tischendorf et al., 1975). This 
immuno-mapping  method  is,  however,  elaborative  and  time  consuming.  On  the  lower 
resolution cellular level, light microscopy has gained alot of impact from genetic labeling with 
green fluorescent protein (GFP) and its homologs as fluorescent tags (Tsien, 1998; Lippincott-
Schwartz et al., 2001). GFP and related proteins are stable β-barrel proteins that allow for the 
visualization of dynamic processes in living cells. The use of GFP-fusion proteins has facilitated 
the study of the distribution and movements of proteins in cellswithout the use of secondary 
reagents. They have also been applied for the subcellular localization of proteins by electron 
microscopy (Cole et al., 1996). Because of their fluorescent capacity, GFP-fusion proteins are 
also useful in biochemical investigations, for instance to follow protein assembly and insertion 
into multisubunit protein complexes, such as human mitochondrial complex I. By using six 
GFP-tagged  subunits  a  stepwise  assembly  process  of  complex  I  involving  pre-assembled 
modules could be established (Dieteren et al., 2008). Surprisingly, the popular GFP-fusion 
products have hardly been tried out to localize protein subunits on the level of multiprotein 
complexes, as is the topic of this chapter. Complex I (NADH: Ubiquinone oxidoreductase) in 
mammalian mitochondria consists of not less than 45 different subunits (see Zickermann et al., 
2009 for a recent review). Nevertheless, it shares similarity to the much smaller prokaryotic 
complex I/NDH-1 enzymes, because the eukaryotic and prokaryotic complexes have a set of 
14 core subunits in common (Ogawa and Mi, 2007). In prokaryotes there is a little variation in 
the set of 14 core subunits; some species like Escherichia coli have only 13 subunits because two 
genes have been fused (Blattner et al., 1997), whereas others have additional unique subunits, 
like  Thermus  thermophilus  (Hinchliffe  et  al.,  2006).  The  cyanobacterial  NDH-1  and  the 
chloroplast NDH complex differ from those of non-photosynthetic organisms such as E. coli in 
the lack of genes encoding for three hydrophilic, water-soluble subunits named NuoE, -F and -
G with dehydrogenase activity (Battchikova and Aro, 2007). Instead, they are comprised of 
additional  unique  subunits.  Further,  a  specific  difference  with  E.  coli  complex  I  is  a 
heterogeneity derived from variations in subunit composition. NDH-1L and NDH-1MS are two 
variants of NDH-1, differing in the NdhD and –F subunits in the membrane (see Battchikova 
and Aro, 2007 for more details). The chloroplast NDH complex and the cyanobacterial NDH-
1L complex are close relatives and have fifteen homologous subunits, including NdhL, -M, -N 
and -O which are specific for photosynthetic organisms (Prommeenate et al., 2004; Battchikova 
et al., 2005; Rumeau et al., 2005; Shimizu et al., 2008). The chloroplast NDH complex has 
several recently discovered additional subunits (Rumeau et al., 2005; Shimizu et al., 2008; 
Tabayashi et al., 2009; Yabatu et al., 2010; Suorsa et al., 2010; Sirpiö et al., 2009), whereas the   27 
cyanobacterial NDH-1MS complex has the unique CupA and CupS subunits involved in carbon 
acquisition (Shibata et al., 2001; Zhang et al., 2004; Zhang et al., 2005). CupA is involved in 
CO2 acquisition and loosely attached to the tip of the membrane domain of the NDH-1MS 
complex (Folea et al., 2008). At present it is not clear what roles CupS and the subunits NdhM, 
-N, -L and -O play in the cyanobacterial complex and where they are located. CupS and the 
NdhM, -N and –O subunits are considered to be water-soluble, while the NdhL subunit has 
two transmembrane domains. Its chloroplast ortholog CRR23 has three membrane spanning 
domains  and  CRR23  has  been  found  to  be  essential  for  stabilizing  the  NDH  complex  in 
chloroplasts  (Shimizu  et al.,  2008).  There  is  no  high-resolution  structure  available  for  a 
complete Complex I or NDH-1 complex. However, the structure of the hydrophilic domain 
from  Thermus thermophilus  Complex  I  was  solved  by  X-ray  diffraction  at  3.3  Å  resolution 
(Sazanov and Hinchliffe, 2006) and shows the unique chain of iron–sulfur clusters. In addition, 
many low-resolution structures of Complex I and NDH-1 have been provided by electron 
microscopy, and they all show the special L-shaped form of these enzymes (Arteni et al., 2006; 
Sunderhaus et al., 2006; Zhang et al., 2008), but lack to reveal the details of the proton pump. 
The  cyanobacterial  NDH-1  complex  resembles  in  size  and  shape  the  other  eukaryotic  and 
prokaryotic  complex  I  enzymes,  which  have  an  overall  L-shaped  form,  consisting  of  a 
membrane  domain  and  a  peripheral,  hydrophilic  domain,  which  is  further  divided  into  6 
structural  domains  in  Y. lipolytica  and  bovine  complex  I  (Arteni  et al.,  2006).  The  main 
difference of cyanobacterial NDH-1with these complex I particles and E. coli complex I is the 
lack of the above mentioned NuoE, -F, -G subunits. The lack of cyanobacterial counterparts of 
the NuoE, -F, -G subunits leads to the absence of the domains 1 and 2, as resolved in the Y. 
lipolytica and bovine complex I structures (Arteni et al., 2006). 
Over the last two decades, single particle electron microscopy (EM) has provided hundreds of 
2D and 3D structures of large protein complexes, ribosomes and viruses. In favorable cases, 
such as the rigid and highly symmetrical virus molecules, single particle EM has provided near-
atomic resolution (Jones et al., 2008), allowing to fit amino acids in away which is common 
practice in X-ray diffraction. By single particle averaging it is possible to easily detect a protein 
tag if its mass is about 10 kDa or larger. GFP and YFP, with amass of 27 kDa, meet this 
criterion and thus allows to map the underlying subunit positions with an accuracy of about 20 
Å. GFP was first applied for structural analysis of the cardiac ryanodine receptor type 2, which 
is  a  homo  tetramer  (Jones  et al.,  2008).  Three-dimensional  reconstruction  of  Ry  Rs  has 
provided information about the organization of the internal domains but the best resolution to 
date (10 Å) is still too low to unambiguously reveal the organization and boundaries of the 
subunits. EM and single particle image processing of a GFP-fusion protein revealed the location 
of the inserted GFP in a specific domain within a 3D reconstruction of the mutated protein 
(Jones et al., 2008). In this paper we have addressed the location of the small subunits NdhL, -
M, -N, -O and CupS in Synechocystis 6803 NDH-1 complexes. To this end, the subunits were 
enlarged by fusion with the YFP protein, which forms a stable β- barrel structure detectable by 
electron microscopy. 
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EXPERIMENTAL PROCEDURES 
Construction of Ndh–YFP fusion protein mutants 
The pEYFP-6His-SpR plasmid was constructed using pEYFP vector (Clontech Laboratories, Inc. 
CA, USA), as illustrated in Fig. 1. The double stranded DNA containing BsrG1 and NotI sites 
was  obtained  by  annealing  the  following  oligonucleotides  synthesized  chemically  and  was 
replaced with a small fragment cut out from pEYFP vector to create pEYFP-6His. 
5′-GTACAAG(CAT)6TAAAGC-3′ 
5′-CGGCCCGCTTTA(ATG)6CTT-3′ 
The apectynomycin-resistant cassette was then inserted into NotI site of the vector to create 
pEYFP-6His-SpR. Six Ndh subunits, NdhL, -M, -N, -O, -E and CupS, were chosen for C-
terminal  YFP  fusion.  Corresponding  genomic  regions  encoding  these  subunits  and  their 
downstream regions were amplified by PCR using primers with specific restriction sites and 
were ligated to pEYFP-6His-SpR into final constructs (Fig. 1 shows the construction of NdhL-
YFP-6His),  which  were  used  to  transform  WT  Synechocystis  PCC  6803  to  create  mutants. 
Accuracy of plasmid assemblies was verified by sequencing. 
 
Figure 1. Scheme for the construction of pEYFP-6his-Sp
R plasmid and its use for the production of 
NDHL-YFP fusion protein mutants. 
 
Cultivation of cyanobacteria and preparation of Thylakoid membranes 
Synechocystis sp. PCC 6803WT and mutants containing Ndh subunits fused with YFP-6His were 
grown in BG-11 medium containing 20mM HEPES, pH 7.5 under continuous light of 50 µmol 
photons m
−2 s
−1 at air level of CO2. The thylakoid membranes of Synechocystis WT and mutant 
strains were isolated from100 ml cell culture according to (Zhang et al., 2004). 
   29 
High resolution Clear Native(hrCN)-PAGE analysis of membrane protein complexes 
Thylakoid membranes were solubilized in a buffer containing 25mM Bis–Tris, pH 7.5, 20% 
glycerol  and  1.5%  DM,  for  30min  at  +4
0C,  centrifuged  and  the  protein  complexes  were 
separated by 4.5–9% gradient hrCN-PAGE (Wittig et al., 2007). Gels were run at 50 V for 30 
min, 75 V 30 min, 100 V 1 h and further at 200 V. Unstained gels were photographed and the 
YFP fluorescence of the thylakoid protein complexes was recorded by Geliance 1000 Imaging 
System (Perkin Elmer, UK). Fluorescence was excited with light b500 nm obtained with the 
low pass filter LS500S (CorionCorp., MA), and the fluorescence emission was detected in the 
range of 550–600 nm (the Syber Gold filter, Geliance 1000 Imaging System, Perkin Elmer, 
UK). 
 
Preparation of Synechocystis 6803 membranes for electron microscopy 
Thylakoid  membrane  samples  from  Synechocystis  WT  and  mutants  were  solubilized  at  0.4 
mg/ml chlorophyll with 2% digitonin (final concentration) in buffer A (50 mMTricine–NaOH 
pH 7.5, 30mM CaCl2) by stirring on ice for 2 h. Non-solubilized material was removed by 
centrifugation (14,000 rpm, 10min) and the supernatant was loaded on a Ni
2+-NTA column. 
The column was washed with buffer A plus 0.2% digitonin and 10 mM imidazole and bound 
material was eluted with buffer A containing 0.2% digitonin and 160 mM imidazole. 
 
Electron microscopy and single particle analysis 
Affinity-purified samples were prepared for transmission electron microscopy by dilution in 
buffer A with detergent and subsequent negative staining using 2% uranyl acetate on glow-
discharged  carbon  coated  copper  grids.  Electron  microscopy  was  performed  on  a  Philips 
CM120  equipped  with  a  LaB6  tip  operating  at  120  kV.  The  “GRACE”  system  for  semi-
automated  specimen  selection  and  data  acquisition  (Oostergetel  et al.,  1998)  was  used  to 
record 2048×2048 pixel images at 66,850× calibrated magnification (3.75 Å) with a Gatan 
4000 SP 4 K slow-scan CCD camera. A total of 15,000 particle projections were collected. 
Single particle analysis was performed using Groningen Image Processing (“GRIP”) software 
packages on a PC cluster. The best 70–80% of the class members was taken for the final class-
sums. 
 
RESULTS 
Verification of the presence of the Ndh–YFP fusion proteins NDH-1 complexes 
To verify the successful incorporation of Ndh–YFP constructs to the NDH-1 complexes, the 
thylakoid protein complexes were solubilised by 1.5% DM and the protein complexes were 
separated by hrCN-PAGE. As shown in Fig. 2, two major fluorescent bands between the 
photosystem I trimer complexes and the band composed of photosystem I and photosystem II 
monomers were detected in the NdhL, -M, -N, -O and –E YFP-fusion mutants. These bands 
have earlier been identified asNDH-1L and NDH-1M complexes (Zhang et al., 2004) thus 
demonstrating  the  incorporation  of  the  Ndh–YFP  constructs  to  the  respective  protein 
complexes.  CupS-YFP  mutant  lacked  the  fluorescence  from  these  two  bands  but  emitted 
fluorescence at a lower molecular mass region where the NDH-1S complex was previously 
shown to migrate (Zhang et al., 2004).   30 
 
Figure 2. Incorporation of YFP-fused Ndh subunits into Ndh-1 complexes. Thylakoid membranes 
of  wt  and  mutant  Synechocystis  cells  were  solubilized  with  1.5%  DM  and  analyzed  by  4.5–9% 
gradient High-Resolution Clear Native PAGE (HrCN-PAGE). 
A —Fluorescence of Ndh-1 complexes with YFP-fused Ndh-1 subunits. Arrows show positions of 
the Ndh-1L complex and subcomplexes of the Ndh-1MS complex, Ndh-1M and Ndh-1S (HRCN-
PAGE dissociates the Ndh-1MS complex into two subcomplexes (Battchikova & Aro, 2007), in 
contrast to affinity purification, used in the EM analysis). YFP-fused subunits NdhL, -M, -N, -O, 
and -E (lanes L, M, N, O, E, respectively) are present in Ndh-1L and Ndh-1M while the CupS-YFP 
protein is present in the Ndh-1S complex (weak fluorescence marked by arrowhead). 
B — A photograph of the gel. Green bands correspond to chlorophyll-containing photosystem I 
and photosystem II complexes. 
 
Analysis of YFP-tagged NDH-1 complexes 
Because of the unique L-shape of cyanobacterial NDH-1 particles it is possible to detect their 
projections in negatively stained EM samples without a purification step (Folea et al., 2008a). 
Such samples contain a complete set of solubilized thylakoid membrane proteins, of which 
photosystem I and II, ATP synthase and NDH-1 are the largest ones (Folea et al., 2008b). In a 
previous  investigation  we  used  affinity  chromatography  for  purification  (Sunderhaus  et al., 
2006). It was later found that this step easily removes the CupA subunit (Folea et al., 2008a). 
On the other hand, without any purification the numbers of NDH-1 particles per image are 
much  lower.  Therefore,  an  affinity  purification  step  was  applied  prior  to  EMspecimen 
preparation, but specimens were prepared within minutes after the chromatography step, in 
contrast to previous experiments where samples were stored frozen. The purification step did 
not yield pure samples, but they were highly enriched in intact complexes (Fig. 3), with at least 
about 10 good NDH-1 particle projections per image for all types of particles investigated, and 
on many particles the CupA subunit was still present at the tip of the membrane arm (Fig. 3). 
 
Image processing of YFP-tagged NDH-1 complexes 
Affinity-purified samples of the 6 mutants of NDH-1 complex with fused YFP labels were 
studied by electron microscopy. For 5 different subunits data sets of over 1000 identifiable 
NDH-1 particles in side view position could be collected (yellow boxes, Fig. 3). The NdhE-
YFP mutant did not give sufficient numbers of intact complexes upon solubilization and was not 
further considered. Also, top views were not selected because in these particular projections 
the large hydrophilic domain is fully overlapping with the membrane domain (blue boxes, Fig. 
3). The ratio between top and side views was, however, about 1:1 in most samples. All sets of 
selected single particle projections were separately analyzed by single particle averaging, which 
includes classification of projections and subsequent averaging of class members of homogenous   31 
subsets of particles (“classes”) into 2D maps. The largest set of 6700 projections was collected 
for the subunit NdhN-YFP mutant and the classification showed the specific variation in the 
data set. 
 
Figure 3. Electron microscopy image of a negatively stained preparation of the NdhN-YFP-6His 
mutant after purification by Ni
2+ affinity chromatography. Some side-view projections of Ndh-1 
complexes  with  the  YFP  tag  on  NdhN  (yellow  boxes),  as  well  as  top-view  projections  are 
indicated (blue boxes). Some of the side views are clearly U-shaped, indicating the presence of 
the CupA subunit. Scale bar is 100 nm. 
 
The projections appeared to arise from particles in two different positions, resulting from a 
difference  in  attachment  to  the  support  film  (left-  and  right-handedness,  Fig.  4A,B  versus 
4C,D). In addition, the presence of the CupA domain at the tip of the membrane domain is 
variable, as observed before (Arteni et al., 2006), because NDH-1 is a heterogenous complex, 
consisting of NDH-1L and NDH-1MS particles, of which only the latter has CupA bound. It is 
mostly or fully lacking in two classes (Fig. 4A,D), comprising 33% of the total set, just as it was 
observed in an analysis of NDH-1 of some years ago (Fig. 4O, Sunderhaus et al., 2006). Most 
importantly, an extra density, not observed before, is present in the middle of the membrane 
arm in three classes (red arrow, Fig. 4A,C,D). It is, however, fully lacking in the largest class of 
Fig. 4B and is present in 30% of the data set (Table 1). This extra density was not observed in 
previous studies and is therefore considered to be the YFP tag, also because of its size.   32 
 
Figure 4. Analysis of 2D projection maps from Synechocystis pcc 6803 Ndh-1 particles in side view 
position.  (A–E)  5  Side-view  classes  from  the  NdhN-YFP  mutant  in  two  different  handedness 
positions;  (F–H)  3  Classes  from  the  NdhM-YFP  mutant;  (I)  Class  of  the  NdhL-YFP  mutant;  (j) 
NdhO-YFP mutant; (K, L) 2 main classes of the cupS mutant; (M, N) Analysis of merged data sets 
from  all  mutants,  split  by  handedness:  Subset  of  particles  with  a  fuzzy  mass  shows  a  loosely 
associated  mass  next  to  the  hydrophilic  sub-domain  in  both  types  of  handedness  (yellow 
arrowheads). This fuzzy mass is also seen in class D of the NdhN-YFP data set; (O) Purified Ndh-1, 
without cupA and cupS, reproduced from (Arteni et al., 2006). Notes: The position of YFP labels is 
indicated  by  red  arrowheads.  A  green  arrowhead  indicates  an  extra  density  attached  to  the 
hydrophilic domain in subsets of particles from the NdhN-YFP and NdhM-YFP mutants. Scale bar 
for all frames equals 10 nm. 
 
There is clearly a correlation between its presence or absence and the occurrence of the CupA 
domain. The presence is clearly lower if the CupA domain is present (Fig. 4B). Finally, the 
NdhN-YFP data set showed variation in the hydrophilic domain; an extension of this domain 
was present in a small number (2%) of the particles (green arrowhead, Fig. 4D). Analysis of the 
data sets of four other mutants gave similar results as the NdhN-YFP mutant. Side-view classes 
showed the NDH-1 complex in the same two different positions, although the ratios differed 
somewhat. The YFP tag was partially present at a frequency between 5 and 25% (Table 1). It 
appeared at the center of the membrane domain for three mutants. In the NdhM-YFP mutant 
the tag appeared to be elongated in shape (Fig. 4F). A few particles had an extra large domain 
on top of the hydrophilic arm (Fig. 4H), as found for the NdhN-YFP mutant. The particles of 
NdhL-YFP mutant (Fig. 4I) had the strongest appearance of the tag, but it was present only in 
5–10% of the side views (Fig. 4I). In NdhO-YFP mutant the tag appeared to be elongated (Fig. 
4J) and was in about the same position as NdhM-YFP (Fig. 4F). Finally, the CupS-YFP mutant 
was investigated (Fig. 4K, L) and showed to have the tag attached at the CupA domain, but at 
the outermost position of the NDH-1 complex (Fig. 4K). Besides the variation at the top of the 
hydrophilic domain (Fig. 4E,H), it appears that there is another loosely attached protein next to 
the hydrophilic domain (yellow arrowhead, Fig. 4D). This prompted us to have a closer look. 
Because this mass is not interfering with the position of the tags, all particles were pooled, 
classified and split in two sets with respect to their handedness. Both sets were classified and 
two subsets where this loosely attached density is visible are presented in Fig. 4M, N. Despite   33 
the fact that over 10,000 particles were compared, there was not one particular class where this 
extra mass appeared sharp. This indicates that this mass is not bound in a specific way. 
 
Table  1.  Percentage  of  YFP-labeled  particles  per  ndh-1  mutant,  as  estimated  from  the 
classification in single particle analysis. 
Tagged NDH-1 subunit/gene  Particle projections  Total labeled (%) 
  NdhL    5000  5-10 
NdhM  1755  25 
NdhN  6714  30 
NdhO  815  15 
CupS  1050  25 
 
     
DISCUSSION 
The aim of this work was two-fold. First, we wanted to investigate the unknown positions of 
the small subunits of cyanobacterial NDH-1 and second to demonstrate a fast and reliable way 
for subunit mapping by labeling them with tags of the GFP protein family and subsequent 
analysis by single particle electron microscopy. Since NDH-1 complexes were isolated from the 
mutants using a Ni2+-NTA column, all these complexes should have YFP-6His tag. 
However, the YFP tag appears to be present in only about 5–30% of the particles. The low 
percentage of labeled complexes (Table 1) may be explained that the labeled subunits were 
detached from the complex after affinity purification. However, this explanation may be not 
acceptable  for  the  low  percentage  of  NdhL-YFP  containing  complex  because  NdhL  is  a 
membrane subunit. Interestingly, the NdhL-YFP tag appears as the strongest of all tags (Fig. 4I). 
While the YFP is in a non-overlapping position with the NDH-1 particles, it could be detected 
by the classification step of single particle EM and particles with or without a tag cluster in 
different classes, as was demonstrated for the set of particles from the NdhN-YFP mutant (Fig. 
4A–D). The shape of the tag appeared after averaging to be circular (Fig. 4I) to rod-like, 
depending on the orientation (Fig. 4A,F,O), compatible with the rod-like β-barrel shape, as 
known formX-ray diffraction studies (Yang et al., 1996). 
All  the  assigned  small  subunits  (NdhL,  M,  N  and  O)  were  found  to  be  associated  to  the 
membrane domain of NDH-1. This does not mean that they should be membrane integrated, 
because they could also be attached at the surface. Nevertheless, NdhL subunit has two putative 
membrane spanning helices, and is likely contributing to the membrane-integrated moiety of 
NDH-1. In earlier work, the position of NdhM, NdhN (Prommeenate et al., 2004 and NdhL 
(Battchikova et al., 2005), was tentatively placed elsewhere. It is remarkable that NdhL, -N, -M, 
and -O are all localized in the middle of the membrane arm. We cannot provide an explanation 
for this, because the function of these proteins is not known. Likely the clustering is not a 
coincidence and we speculate that it has to do with a function that it is not present in the E. coli 
complex. Accidently, these subunits all locate atthe site where in Arabidopsis mitochondrial 
complex I the unique carbonic anhydrase subunit domain is located (Sunderhaus et al., 2006). 
Finally, it is not very surprising that the position of the CupS protein was found next to CupA 
at the tip of the membrane domain (Fig. 5).   34 
 
Figure 5 Scheme for the determined subunit positions of Ndh-1. (A) Two main domains of Ndh-1 
and the tentative position of the thylakoid membrane. (B) Schematic positions of the membrane 
spanning NdhL subunit (blue) and water-soluble subunits NdhO, NdhM and NdhN (Marked red, 
yellow  and  green,  respectively)  and  cupS  (brown).  The  CupA  (black  line)  is  occupying  the 
remainder of the protein domain at the tip of the membrane domain. Two loosely associated, 
unknown proteins are indicated by yellow and green circumferences. 
 
 
The single particle analysis not only discriminates between particles with or without the YFP 
tag but also brings the variable presence of other densities in focus. In a previous study the 
CupA protein was found to be at the tip of the membrane domain, which gives the NDH-1 
particles the U-shaped appearance. (Sazanov and Hinchliffe, 2006). In most samples a mixture 
of U-shaped and L-shaped side view projections was found, which indicates the partial absence 
after purification of the labile CupA protein. Another interesting, but faint feature is an extra 
density next to the hydrophilic arm of NDH-1. It was noticed in one particular class of the 
NdhN-YFP mutant (Fig. 4D, yellow arrow head).We pooled all particles in both orientations 
to see whether this feature gets sharper with a larger set of particles. Although it appears that in 
both groups there is a minority with this extension, it did not become sharp (Fig. 4M,N). This 
feature is not the result of proteins that lay coincidently next to NDH-1, but the fact that it is 
not sharp may indicate that it is bound in a flexible way. Another extension of the hydrophilic 
domain is seen at the top in a very small number of particles (green arrowhead, Fig. 4H). An 
obvious candidate would be “the missing protein” functioning in electron transport. However, 
no identity for such a protein is presently known. 
Only  one  other  labeling  study  with  a  GFP-fusion  mutant  was  previously  performed  for  a 
particular protein complex, the cardiac ryanodine receptor Jones et al., 2008). This study was, 
however,  performed  with  crystallographic  methods  on  two-dimensional  crystals  and  no 
quantitation  of  the  amount  of  bound  label  could  be  made.  Because  observed  differences 
between WT and mutant were significant but quite small, it is possible that the label was not 
fully present, as it is the case in our NDH-1. To our knowledge no further EM investigations 
have been performed to determine subunit positions with the help of genetically introduced 
labels. In conclusion, the results on NDH-1 prove that a GFP/YFP tag can be revealed by single 
particle electron microscopy, after processing of data sets of moderate size, which can be 
collected within days by semi-automated data acquisition.   35 
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“If it could be demonstrated that any complex organ existed, which could not possibly have been formed by 
numerous, successive, slight modifications, my theory would absolutely break down. But I can find out no 
such case.” 
- Charles Darwin, Origin of Species (1859). 
 
CHAPTER 3. PHOTOSYSTEM  I OF CHLAMYDOMONAS REINHARDTTI 
CONTAINS NINE LIGHT HARVESTING COMPLEXES LOCATED ON ONE 
SIDE OF THE CORE   36 
Abstract 
In this work, the Photosystem I complex of Chlamydomonas reinhardtii was purified to homogeneity. 
Biochemical, proteomic, spectroscopic and structural analyses reveal the main properties of this PSI-LHCI 
Supercomplex. The data show that the largest purified complex is composed of one core complex and nine 
Lhca antennas and that it contains all Lhca gene products. A projection map at 15-Å resolution obtained 
by electron microscopy reveals that the Lhcas are organized on one side of the core in a double half-ring 
arrangement, in contrast with previous suggestions. A series of stable disassembled intermediates of PSI-
LHCI was purified. The analysis of these complexes suggests the sequence of the assembly/disassembly 
process. It is shown that PSI-LHCI of Chlamydomonas reinhardtii is larger, but far less stable, than the 
complex from higher plants. Lhca2 and Lhca9 (the red-most antenna complexes), although present in the 
largest complex in 1:1 ratio with the core, are only loosely associated with it. This can explain the large 
variation in antenna composition of PSILHCI from Chlamydomonas reinhardtii found in the literature. The 
analysis of several subcomplexes with reduced antenna size allows determination of the position of Lhca2 
and Lhca9 and leads to a proposal for a model of the organization of the Lhcas within the PSI-LHCI 
Supercomplex. 
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INTRODUCTION 
The  light  reactions  of  photosynthesis  are  carried  out  by  four  large  protein  complexes  – 
Photosystem II (PSII), cytochrome b6/f, Photosystem I (PSI) and ATP-synthase. Like the other 
complexes, PSI is located in the thylakoid membrane of cyanobacteria, algae and plants (Arnon, 
1971;  Dekker  and  Boekema  2005).  It  catalyzes  light-driven  electron  transport  from 
plastocyanin, which is present in the thylakoid lumen, to ferredoxin, which is located in the 
stroma. With almost 100% quantum efficiency, PSI is considered to be the most efficient light 
capturing and energy conversion apparatus found in Nature (Amunts & Nelson, 2009; Jensen et 
al., 2003). 
PSI evolved well over 1 billion years ago, probably over 2 billion years ago. It is thought to 
represent an elaboration of the simple homo-dimeric type I reaction centers of primordial 
organisms into the sophisticated machinery that we know from plants and algae (Amunts & 
Nelson,  2009).  During  evolution,  different  groups  of  photosynthetic  organisms  colonized 
diverse ecological niches. As a consequence of adaptation to different environmental conditions, 
PSI design underwent structural rearrangements, most having to do with the peripheral antenna 
system. In the lineage that produced green algae and plants, this led to the addition of several 
specific complexes that enhance the light-harvesting capacity of the system (Amunts & Nelson, 
2008; Ben-Shem Kargul et al., 2004; Nelson and Ben-Shem 2005). In cyanobacteria PSI exists 
as a trimer (Boekema et al., 1987), while in plants and green algae, PSI is only monomeric and 
is composed of two moieties: the PSI core complex and an outer antenna system composed of 
light harvesting complexes (LHCI) (Lam et al., 1984). 
The  PSI  core  is  responsible  for  light-driven  charge  separation  and  electron  transfer.  It 
coordinates around 100 chlorophylls and 20 β-carotene molecules. Its primary and tertiary 
structures are highly conserved among green algae and plants: 14 subunits are present in both 
types of organisms (PsaA – PsaL and PsaN – PsaO), while PsaP is present in plants but so far 
seems to be absent in algae (Jensen et al., 2003; Ozawa et al., 2010). The central part of the 
core complex is composed of two large proteins – PsaA and PsaB, which binds all of the 
cofactors of the electron transfer chain (Jordan et al., 2001), except for the last 2 Fe4S4 clusters 
(FA and FB). These are bound to the peripheral subunit PsaC, which together with PsaD and 
PsaE forms the docking site for ferredoxin, on the stromal side of the membrane (12,13). PsaF 
and PsaN are important for electron transfer from plastocyanin to P700 (Farah et al., 1995; 
Haldrup et al., 1999). PsaJ is a hydrophobic protein located close to PsaF and plays a role in the 
stabilization of this subunit’s conformation (Fischer et al., 1999). PsaH, PsaI, PsaL, PsaO form a 
cluster of integral membrane proteins, placed on one side of the core, where they are involved 
in interactions with LHCII during state transitions (Lunde et al., 2000; Zhang et al., 2004). 
PsaG and PsaK are located near PsaA and PsaB respectively (Jensen et al., 2007; Scheller et al., 
2001) and have been proposed to be important for the association of the outer antenna with the 
core (Ozawa et al., 2010; Jensen et al., 2000; Ben-Shem et al., 2003). The outer antenna 
extends the light-harvesting capacity and ensures photo protection (Ben-Shem et al., 2003). 
The genes encoding the antenna complexes of PSI of plants and green algae are members of the   38 
Lhc multi gene family, which also includes the antenna complexes of PSII. These complexes 
show structural homology in that each Lhc polypeptide has three transmembrane α-helices and 
coordinates Chls a, Chls b, and different carotenoid molecules (Jansson, 1999). 
The structure of PSI-LHCI in land plants has been determined to 3.3-Å resolution and reveals 
the location of four Lhca proteins (encoded by the lhca1-4 genes) on one side of the core 
(Scheller et al., 2001; Ben-Shem et al., 2003; Amunts et al., 2007). Two additional Lhca genes, 
lhca5 and lhca6, were identified in Arabidopsis thaliana but their products are present at much 
lower levels compared with the other Lhca complexes (Ganeteg et al., 2004; Lucinski et al., 
2006; Storf et al., 2005). 
The structure of the PSI-LHCI complex of green algae is not available, but biochemical and 
structural (via electron-microscopy) analyses have suggested that PSI-LHCI of Chlamydomonas 
reinhardtii differs in size and antenna composition from its counterpart in plants (Germano et al., 
2002; Kargul et al., 2003). Indeed, 9 lhca genes have been identified in C. reinhardtii (Elrad and 
Grossman, 2004). All of them are expressed in normal conditions (Stauber et al., 2003), and all 
gene products were shown to coordinate pigments (Mozzo et al., 2010). Based on their content 
of long-wavelength Chls (‘red forms’) and on their fluorescence emission maxima, the Lhca 
complexes were divided into three subclasses: “blue Lhca” (Lhca1, Lhca3 and Lhca7) with 
emission maxima at 682.5–683.5 nm, “intermediate Lhca” (Lhca5, Lhca6 and Lhca8) with 
maxima between 694.5 and 697.5 and “red Lhca” (Lhca2, Lhca4 and Lhca9) with maxima 
between 707 and 715 nm (Mozzo et al., 2010). 
Based upon biochemical characterization, it was suggested that C. reinhardtii PSI-LHCI contains 
between 6 and 14 Lhca subunits (Bassi et al., 1992; Subramanyam et al., 2006; Takahashi et al., 
2004; Tokutsu et al, 2004). Recently the Lhca/core stoichiometry was estimated using mass 
spectrometry, suggesting the presence of 7.5 ± 1.4 Lhca subunits per PSI-core (Stauber et al., 
2009).  The  Lhca  complexes  were  categorized  into  three  groups:  those  present  in  a  sub-
stoichiometric amount with respect to the core (Lhca2, Lhca5, Lhca6, Lhca8 and Lhca9), those 
present in a 1:1 ratio with the core (Lhca1, Lhca4 and Lhca7), and Lhca3 present at a 2:1 ratio 
(Stauber et al., 2009), suggesting a heterogeneous composition of the PSI-LHCI complex. It 
was also shown that six Lhca subunits (Lhca1, Lhca4–8) may even assemble in the absence of 
PSI core complex (Takahashi et al., 2004, Wollman and Bennoun, 1982). 
Three structural models of Chlamydomonas reinhardtii PSI-LHCI complex have been proposed 
based on single particle electron microscopy analysis (Germano et al., 2002; Kargul et al., 
2003; Kargul et al., 2005). When compared with higher plant PSI, the Chlamydomonas reinhardtii 
PSI-LHCI particles displayed additional densities, suggesting a larger antenna size. Germano et 
al. (2002) suggested that about 14 Lhca complexes are associated with the core. Most of them 
are  present  on  the  PsaJ/PsaF  side,  while  2-3  Lhca  bind  to  the  PsaH  subunit.  Kargul  and 
coworkers, proposed that 11 Lhcas are arranged on the PsaG/F/J/K side (Kargul et al., 2003), 
but they later revised their model, suggesting that LHCI is made up of 6 Lhca subunits, four of 
which are located at the same position as the four Lhcas in higher plants, and two of which are 
at the PsaH side (Kargul et al., 2005).   39 
In this work we have purified several PSI (sub) complexes that differ in protein composition 
and  we  have  analyzed  them  via  a  combination  of  biochemical,  spectroscopic  and  electron 
microscopy (EM) measurements, with the aim of revealing the functional architecture of this 
complex. 
 
EXPERIMENTAL PROCEDURES 
Strain and growth conditions 
A  Chlamydomonas reinhardtii  strain  (JVD-1B[pGG1])  in  which  a  hexa-histidine  tag  had  been 
added  to  the  N-terminus  of  PsaA  (Gulis  et al.,  2008)  was  grown  in  liquid  Tris-  Acetate-
Phosphate  (TAP)  medium  (Gorman  and  Levine  1965).  Cells  were  cultured  at  room 
temperature (25 °C) on a rotary shaker under an illumination flux of 10 µmol photons PAR m
-2 
s
-1. 
 
Thylakoids preparations 
Cells were harvested by centrifugation (4000 rpm, 6 min, 4 °C) in the mid-logarithmic phase 
(OD750nm  ≈  0.7)  and  thylakoids  were  prepared  as  in  Fischer  et al.  (1997)  with  a  few 
modifications. Cells were disrupted by sonication (60W power in 10 cycles of 10s on/30 s off) 
and  centrifuged  (15000  rpm,  20  min,  4  °C).  Thylakoid  membranes  were  separated  on  a 
discontinuous gradient (24000 rpm, 1 h, 4 °C) in a SW41 swinging bucket rotor as described 
(Fischer et al., 1997). 
 
Purification of the His-tagged PSI complex 
Thylakoid membranes were washed three times with a buffer containing 10 mM Hepes (pH 
7.5) and 5 mM EDTA. Membranes were resuspended in solubilization buffer (20 mM Hepes 
(pH 7.5), 0.2 M NaCl) to a chlorophyll concentration of 1 mg/ml and an equal volume of 
0.9% α-dodecylmaltoside (α-DM) was added. Samples were vortex for few seconds and then 
centrifuged (15000 rpm, 10 min, 4 °C) to remove unsolubilized material. The supernatant was 
loaded onto a HisTrap HP Column (GE Healthcare). The column was equilibrated with 20 mM 
Hepes (pH 7.5), 0.2 M NaCl, 0.03% α-DM and washed with the same buffer. Elution was 
carried out with 20 mM Hepes (pH 7.5), 0.25 M imidazole, 0.03% α-DM. The eluted fraction 
was loaded on a sucrose density gradient (made by freezing and thawing 0.65 M sucrose, 10 
mM Tricine (pH 7.8), 0.03% α-DM buffer) and purified to homogeneity by ultracentrifugation 
(41000 rpm, 17 h, 4 ºC). The purification of PSI from Arabidopsis thaliana was performed under 
the same conditions used for the purification of the Chlamydomonas PSI, with the difference that 
upon solubilization the thylakoid membranes were directly loaded on the sucrose gradient.  
 
Gel electrophoresis  
Proteins were analyzed by a SDS-PAGE in a Tri-ssulphate buffer system prepared as in Bassi 
(1985). 3 µg of sample (in Chls) was loaded into each well. Non-denaturing gels were prepared 
as in Peter and Thornber (1991) with a few modifications. The resolving gel contained a 4-10% 
acrylamide gradient and 0.01% SDS was added to the upper running buffer. Some of the PSI-  40 
LHCI  samples  were  solubilised  with  1%  β-DM  and  0.4%  ZWITTERGENT  (at  a  Chl 
concentration of 0.4 mg ml-1). 
 
In-gel tryptic digestion 
For mass spectrometry-based protein identification, the green bands were excised from the gel 
and treated with 10 mM DTT followed by 55 mM iodoacetamide in 50 mM NH4HCO3, to 
reduce and alkylate cysteine residues, and subsequently dehydrated by incubation for 5 min in 
100% acetonitrile. The gel slices were rehydrated in 10 µl trypsin solution (Trypsin Gold, Mass 
spectrometry grade, Promega 10 ng/µl in 25 mM NH4HCO3), and incubated for 2 hours at 
37  °C.  Subsequently  10  µl  of  25  mM  NH4HCO3  was  added  to  prevent  drying  and  the 
incubation was prolonged overnight at 37 °C. The tryptic peptides were recovered by three 
subsequent extractions with 50 µl of 35%, 50% and 70% acetonitrile in 0.1% TFA. The 
extracted  peptides  were  pooled  and  concentrated  under  vacuum.  For  in-solution  tryptic 
digestion, samples containing around 10  µg of protein were diluted to 20 µl in 100 mM 
NH4HCO3. For reduction and alkylation, the samples were incubated for 60 min at 55 °C in 
the presence of 10 mM DTT, followed by addition of iodo acetamide (final concentration of 50 
mM) and incubation at room temperature for 30 min. After addition of 0.5 µg of trypsin, the 
samples were incubated over night at 37 °C. 
 
Liquid Chromatography-Mass Spectrometry (LCMS) 
Fractions of the peptide mixtures from in-gel trypsin digestions were diluted in 5% formic acid, 
passed  through  a  pre-column  (EASY-Column  C18,  100  µm  x  20mm,  5µm  particle  size, 
Thermo Scientific, Bremen, Germany) and separated on a capillary column (C18 PepMap 300, 
75 µm x 250 mm, 3-µm particle size, Dionex, Amsterdam, The Netherlands) mounted on a 
Proxeon Easy-LC system (Proxeon Biosystems, Odense, Denmark). Solutions of 0.1% formic 
acid in water and a 0.1% formic acid in 100% acetonitrile were used as the mobile phases. A 
gradient from 4 to 40% acetonitrile was performed in 140 min, at a flow rate of 300 nL/min. 
Eluted peptides were analyzed using a linear ion trap-orbitrap hybrid mass spectrometer (LTQ-
Orbitrap, Thermo Scientific). MS scans were acquired in the Orbitrap, in the range from 400 
to 1800 m/z, with a resolution of 60,000 (FWHM). The 7 most intense ions per scan were 
submitted to MS/MS fragmentation (35 % Normalized Collision EnergyTM) and detected in 
the linear ion trap. 
 
Protein identification 
The MS raw data were submitted to Mascot (version 2.1, Matrix Science, London, UK) using 
the Proteome Discoverer 1.0 analysis platform (Thermo Scientific) and searched against the 
Chlamydomonas reinhardtii proteome. Peptide tolerance was set to 10 ppm and 0.9 Da for intact 
peptides and fragment ions respectively; using semi-trypsin as protease specificity and allowing 
for up to 2 missed cleavages. Oxidation of methionine residues, deamidation of asparagine and 
glutamine, and carboamidomethylation of cysteines were specified as variable modifications. 
The MS/MS based peptide and protein identifications were further validated with the program 
Scaffold (version Scaffold_3.0, Proteome Software Inc., Portland, OR). Protein identifications 
based  on  at  least  2  unique  peptides  identified  by  MS/MS,  each  with  a  confidence  of   41 
identification probability higher than 95 %, were accepted. All assigned spectra used for the 
spectral count analysis were derived from at least two experiments, with the exception of the 
Lhca content in fraction A4. 
 
Spectroscopic analysis 
Room-temperature  and  77K  absorption  spectra  were  recorded  with  a  Cary  4000 
spectrophotometer (Varian). Room-temperature and 77K fluorescence emission spectra were 
recorded  using  a  Fluorolog  3.22  spectrofluorimeter  (Jobin  Yvon-Spex).  The  excitation 
wavelengths were 440 nm, 475 nm and 500 nm and excitation and emission slits were set to 
3.5 nm. For lowtemperature measurements, samples were in 66.7% glycerol (w/v), 10 mM 
Tricine (pH 7.8), 0.03 % α-DM. 
 
Pigment composition 
The  pigment  composition  of  the  complexes  was  analyzed  by  fitting  the  spectrum  of  the 
acetone-extracted  pigments  with  the  spectra  of  the  individual  pigments  in  acetone  and  by 
HPLC as described (Croce et al., 2002). The data are the results of at least two different 
preparations. 
 
Electron Microscopy and Single Particle Analysis 
To  improve  sample  purity  and  contrast  in  electron  microscopy  micrographs,  the  sucrose 
content of the gradient fractions was reduced by dialysis (2-4 h at 4 °C; Spectra/Por 12–14 
kDa cut-off). After dialysis, specimens were prepared for negative staining with 2% uranyl 
acetate on glow discharged carbon-coated copper grids. Electron microscopy was performed on 
a Philips CM120 electron microscope equipped with a LaB6 tip, operated at 120 kV. Images 
were recorded with a Gatan 4000 SP 4K slow-scan CCD camera at 133,000 X magnification 
with a pixel size of 0.225 nm at the specimen level after binning the images. GRACE software 
was used for semi-automated data acquisition (Oostergetel et al., 1998). Single particles were 
analyzed with the Groningen Image Processing (GRIP) software, including multi-reference and 
non-reference  alignments,  multivariate  statistical  analysis  and  classification,  as  previously 
described (Boekema et al., 1999). To sharpen the final images, limited numbers of projections 
(500-2000) of homogeneous classes were summed, with the correlation coefficient in the final 
alignment step as a quality parameter. 
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RESULTS 
Isolation and fractionation of PSI-LHCI complexes 
PSI-LHCI was purified in two steps from a strain carrying a hexa-histidine tag at the N-terminus 
of core subunit PsaA. Thylakoid membranes were mildly solubilized and PSI particles were first 
purified on a Ni-Sepharose column. To obtain homogeneous preparations of PSI and to check 
for the presence of PSI complexes with different sizes, the eluted fraction was then subjected to 
sucrose density gradient ultracentrifugation. Two green bands were separated (B1 and B2; Fig. 
1A), indicating that the elution contained two populations of complexes differing in molecular 
weight. These chlorophyll-protein complexes were collected and subjected to biochemical and 
spectroscopic analysis.  
 
PSI-LHCI: Protein composition 
The protein compositions of the two fractions were visualized by SDS-PAGE (Fig. 1B). The 
polypeptide profile analysis confirmed the presence of PSI in both fractions. A broad band at 
high molecular weight corresponds to the PSI reaction centre core subunits, PsaA and PsaB, 
which have an apparent molecular weight of ~65 kDa, and typically migrate as a diffuse band. 
Bands in the 20-27 kDa range correspond to LHCI antennae and the stromal subunits PsaD and 
PsaF, while those in the 10-20 kDa range arise from small core subunits (Ozawa et al., 2010; 
Bassi et al., 1992). No bands corresponding to PSII subunits were visible in the gel, indicating 
that  both  PSI  complexes  were  free  from  PSII  contamination,  as  seen  before  with  the 
unfractionated eluate (Gulis et al., 2008). 
While the band pattern was very similar for the two fractions, the ratio between core subunits 
and Lhca complexes was higher in B1 than in B2, suggesting that the two fractions contain PSI 
complexes with different antenna sizes. B2 thus represents the largest complex and in the 
following it is called PSI-LHCI. B1 is likely the result of a partial disassembly of PSI-LHCI 
during purification, as indicated by the fact that Lhca complexes were observed in the flow-
through of the Ni-column (Fig. 2). However, we cannot exclude that this fraction also contains 
the assembly intermediate recently observed by Ozawa et al. (Ozawa et al., 2010). 
 
Figure 1. Panel A: Fractionation of PSI-LHCI eluted from the Ni (II)-column by sucrose density 
gradient. Panel B: SDS-PAGE of green bands B1 and B2 from the gradient. Panel C: Venn diagram 
showing the composition of the PSI-LHCI preparation (fraction B2) based on LC-MS/MS analysis 
of tryptic peptides. The sum of the spectra assigned to each group of proteins, as well as the 
fraction of total spectra, is indicated.   43 
 
To determine in more detail the protein composition of PSI-LHCI, we performed a mass 
spectrometry analysis. A shotgun proteomics approach revealed the presence of all nine Lhca 
proteins (Lhca1–9) and all PSI core subunits, with the exception of PsaI and PsaO. These 
subunits are likely to be present in the complex but unidentifiable by tryptic digestion, because 
the resulting peptides would be too short and would not be detectable in our experimental 
setup. PsaN and PsaJ were not identified in all experiments, and were only seen via one unique 
peptide, so they are not considered in the analysis. The proteomic analysis also confirms the 
high purity of the preparation (Fig. 1C): 94 % of the MS/MS spectra were assigned to peptides 
originating from PSI or LHCI, with 55 % from Lhca polypeptides and 39 % from PSI core 
subunits. Only 6% were due to impurities, of which 4% stemmed from ATP synthase subunits. 
No PSII or LHCII subunits were detected in the preparation. 
PSI-LHCI: Pigment composition 
Pigment analysis indicated a Chl a/b ratio of 4.4 in the purified PSI-LHCI complex (Table 1). 
The main carotenoids were β-carotene, lutein and violaxanthin. Loroxanthin was present in 
low amounts, in agreement with previous results indicating that this xanthophyll is mainly 
associated with PSII (Pineau et al., 2001). No traces of neoxanthin could be detected, consistent 
with  the  fact  that  this  xanthophyll  is  not  present  in  PSI  and  that  the  preparation  is  not 
contaminated by PSII complexes. The Chl a/b ratio of Chlamydomonas reinhardtii PSI-LHCI is far 
lower than that of the PSI-LHCI complex of higher plants (a/b 8.5-9) (van Oort et al., 2008; 
Wientjes  et al.,  2009).  We  envision  two  possible  origins  for  this  difference:  (1)  a  higher 
number of antenna complexes associated with Chlamydomonas reinhardtii PSI-LHCI as compared 
to  plant  PSI-LHCI,  and/or  (2)  a  higher  complement  of  Chl  b  in  the  Lhca  complexes  of 
Chlamydomonas reinhardtii as compared with the homologues of higher plants. Both effects are 
probably contributing. Indeed, if the chlorophyll composition of the Chlamydomonas reinhardtii 
Lhca were the same as in higher plants (14 Chls per complex with a Chl a/b ratio of 3.7 
(Wientjes and Croce 2011)), then 48 Lhcas would be needed to explain a Chl a/b ratio of 4.4 
in Chlamydomonas reinhardtii PSI-LHCI! On the other hand, to explain this value purely in terms 
of a different affinity for Chl a and b, the Chlamydomonas reinhardtii Lhcas would need to have a 
Chl  a/b  ratio  of  1.2,  which  is  far  lower  than  observed  for  both  native  and  reconstituted 
complexes (Kargul et al., 2003; Mozzo et al., 2010; Bassi et al., 1992; Takahashi et al., 2004). 
 
 
Table  1  Pigments  composition  of  PSI-LHCI  complex  from  Chlamydomonas reinhardtii  and  A. 
thaliana (Wientjes et al. 2009). The values of the carotenoids are normalized to 100 Chls (a+b). 
 
  Chl a/b  Chl/car  loroxanthin  violaxanthin  lutein  β-
carotene 
C.reinhardtii   4.4 ± 0.1  5.0 ± 0.2  2.0 ± 0.6  4.8 ± 0.6  7.0 ± 1.0  8.5 ± 0.3 
A.thaliana   9.7 ± 0.3  4.8 ± 0.1  -  2.3 ± 0.3  5.5 ± 0.3  13.1 ± 0.3 
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PSI-LHCI: Spectroscopic characterization 
The PSI-LHCI absorption spectrum at room temperature shows a maximum at 679 nm (Fig. 
3A).  Compared  with  the  complex  of  higher  plants  (Fig.  3A),  C. reinhardtii  PSI-LHCI  is 
characterized by (i) an increased absorption in the Chl b region (630-660 nm), in agreement 
with the lower Chl a/b ratio; and (ii) a decreased absorption in the region above 700 nm, 
indicating a lower content of red forms, as observed previously (Germano et al., 2002; Bassi et 
al., 1992). The fluorescence emission spectrum of C. reinhardtii PSI-LHCI at low temperature 
(77K) exhibits a maximum at 715 nm and it is practically identical to the spectrum of PSI in the 
cell (Fig. 3B), indicating that the purified complex  maintains its in vivo properties. Although 
the  emission  maximum  of  the  Chlamydomonas  reinhardtii  complex  is  18  nm  blue-shifted 
compared to the spectrum of plant PSI-LHCI (Fig. 3C and (Kargul et al., 2003; Takahashi et al., 
2004; Gulis et al., 2008; Gibasiewicz et al., 2005)), the two spectra have similar characteristics. 
They are very broad and strongly red-shifted, with respect to the absorption of the complexes, 
suggesting a similar origin of the red forms (i.e. mixing of the lowest excitonic state with a 
charge transfer state (Ihalainen et al., 2003; Romero et al., 2009)), in the two organisms. 
 
Figure  2  Room-temperature  absorption  (A)  and  77K  fluorescence  emission  (B,C)  spectra  of 
Chlamydomonas reinhardtii PSILHCI  (black)  compared  with  those  of  cells  (panel  B,  red)  and 
Arabidopsis thaliana PSI-LHCI (panels A,C; red). Excitation used for fluorescence spectra was at 
440  nm.  The  difference  between  normalized  fluorescence  emission  spectra  of  cells  and 
Chlamydomonas reinhardtii PSI-LHCI is shown in panel B (green). 
 
Native PAGE of PSI-LHCI sub-complexes 
In order to investigate the stability of PSI-LHCI and to assess the strength of the association of 
the individual Lhca complexes with the PSI core, PSILHCI was treated with a combination of   45 
Zwittergent and β-DM, and the resulting sub-complexes were separated by native PAGE. Five 
bands (A1-A5; Fig. 4A) were observed. Surprisingly, even a very low concentration of ionic 
detergent led to a partial dissociation of the complex, as indicated by the separation of PSILHCI 
into two main bands in 0.01% SDS (Fig. 4B), suggesting that part of the antenna is associated 
with the core in a relatively loose fashion. The molecular weight of the PSI (sub) complexes can 
be roughly estimated by using Arabidopsis thaliana PSI-LHCI (600 KDa) and Arabidopsis thaliana 
PSI-core (440 KDa) particles as standards. Approximate values of 770, 690, 570, 460 and 370 
kDa were found for the MWs of bands A1-A5, respectively. Assuming an average MW of 35 
kDa for an Lhca complex, the A1 fraction should therefore contain a PSI complex with 5 Lhcas 
more than Arabidopsis thaliana PSI-LHCI, and thus 9 in total. The A2 fraction would therefore 
have lost 2 Lhcas compared to A1, while only 3-4 Lhcas are expected to be present in fraction 
A3. A4 contains a complex smaller than Arabidopsis thaliana PSI-LHCI but larger than Arabidopsis 
thaliana PSI-core, suggesting that it probably still binds 1-2 Lhcas. Fraction A5 migrates below 
the  Arabidopsis thaliana PSI-core,  indicating  that  it  had  lost  some  of  the  core  subunits.  An 
additional complex, fraction A6, with an apparent MW of 140 kDa, was obtained upon very 
mild solubilization of the B1 band. 
 
Figure  3.  Native  PAGE  of  PSI-LHCI  supercomplexes  of  Chlamydomonas reinhardtii  (Cr)  or  A. 
thaliana (At) solubilized with 1% β-DM and 0.4% Zwittergent-16 (A) or with 0.01% SDS (B). (C) 
Native gel of the B1 band solubilized with 0.01% SDS (Cr) compared with the PSI-LHCI (sub) 
complexes of Arabidopsis thaliana (At). 
 
PSI (sub) complexes: Protein composition 
To get information about the protein composition of the PSI complexes, the A1-A6 fractions 
were analyzed by mass spectrometry. To determine the relative abundance of each subunit in 
the different fractions, spectral count normalization was applied (Liu et al., 2004). The Lhca 
content from all bands is presented in Fig. 4A as relative values normalized to the abundance of 
the same subunit in the largest complex (A1 fraction – see supplementary Table SI for the 
protein identification data). The A2 fraction shows a 90% decrease of Lhca2 and Lhca9, while 
A3 shows an additional loss of 95% of Lhca4, Lhca5 and Lhca6. Surprisingly, in fractions A4 
and  A5,  for  which  the  mobility  on  the  gel  suggests  that  they  represent  PSI  with  strongly 
reduced  antenna  size,  all  Lhcas  were  detected,  with  the  exception  of  Lhca2  and  Lhca9.   46 
However in fraction A4, while the amount of Lhca7 and Lhca8 is almost unchanged compared 
to A1, it is around 40% for all other Lhcas. In the case of fraction A5, all the Lhca polypeptides 
are present in similar amounts, but around 20-30% of their content in A1. Virtually no Lhca 
proteins were detected in fraction A6. 
The composition of the PSI core subunits in the different fractions was also analyzed (Fig. 4B). 
The data indicate a strong reduction of PsaL and PsaH in fractions A2 and A3. Interestingly, in 
fractions A4 and A5, PsaF together with PsaG and PsaK, which have been suggested to stabilize 
the binding of Lhca complexes to the core, are significantly reduced. In fraction A6 the stromal 
subunits PsaC, D and E are also missing; it still contains PsaA and PsaB, and likely represents a 
core heterodimer lacking all small subunits or peripheral antennae. 
 
Figure 4. Quantification of the LHCI (A) and PSI core (B) polypeptides found in the PSI-LHCI 
subcomplexes.  The  number  of  spectra  assigned  to  individual  subunits  was  normalized  to  the 
number of spectra assigned to the PsaA/PsaB polypeptides in the same fraction. The values are 
reported relative to the values determined for each polypeptide in fraction A1. 
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PSI (sub) complexes: Absorption, fluorescence and pigment analysis 
The absorption maxima of the complexes shift to the blue as one descends to less and less 
assembled states. While the absorption maximum of A1 is 679 nm, it is 677 nm in A4 and A5 
(Fig. 5A). A decrease in the Chl b absorption region is also observed going from A1 to A5, with 
the exception of A4, which shows higher absorption in this region than A3. 
Fluorescence emission spectra were measured at 77K (Fig. 5B). The emission maximum is 715 
nm for A1 and A2, 711 nm for A3, and 708 nm for A4 and A5 (Table 2). The second peak 
around 680 nm observed in A3 is due to the presence of a pool of disconnected Chls in this 
fraction. The pigment compositions of the five fractions were also analyzed and are reported in 
Table 2. An increase in Chl a/b ratio was observed in going from fraction A1 to A5, again with 
the exception of A4, which shows a lower Chl a/b ratio as compared to band A3. 
 
Figure 5. Absorption (a) and low temperature fluorescence emission (b) spectra of PSI-LHCI sub 
complexes shown in Fig. 3. 
 
Table 2. Pigment composition of PSI-LHCI super complexes A1-A5 (Error is <0.2) 
  Chla/b  Chl/car  Abs max (nm)  Emission max (nm) 
A1  4.4+0.1  5.5+0.4  679  715 
A2  4.5+.01  5.6+0.4  679  715 
A3  5.7+0.3  6.3+1.7  678  711 
A4  4.6+0.2  6.7+0.3  677  708 
A5  6.5+0.5  7.6+1.6  677  708 
 
Electron microscopy and single-particle analysis 
To determine the structural organization of PSILHCI, electron microscopy and single-particle 
analysis were performed. Specimens of PSI-LHCI yielded a relatively homogeneous preparation 
(See Suppl. Info., Fig. S2). Single-particle analysis of more than 50,000 projections gave two 
major classes, which represent two types of complexes of a slightly different overall size. The 
larger PSILHCI complex (Fig. 6A) represents about 40% of the dataset, while the smaller type 
(Fig. 6B) accounts for about 55%. The main difference between the two particles is on the right 
side  of  the  projection  map,  with  a  clear  absence  of  density  in  the  smaller  complex.  The 
difference is not a matter of a variation in tilt on the carbon support film (see Suppl. Info., Fig. 
S5), but is likely due to the loss of a specific subunit.   48 
 
 
 
Figure 6. Average projection maps of Chlamydomonas reinhardtii PSI-LHCI (A and B) and the A2 
fraction (C). The maps in panels A and B depict the two major class averages of population in the 
fraction, while the smaller one (B) represents_55% of the particles. Panel C shows the sum of 500 
particles of the Lhca2/Lhca9-less complex from fraction A2. The green and red arrows indicate 
the presence and absence of two densities of similar size and shape at the top. Space bar is 10 nm. 
 
For a structural assignment of the PSILHCI projection maps, determination of their handedness 
is crucial. This was facilitated by the presence of a characteristic crescent-shaped density at the 
right side of the EM projection maps (Fig. 6), which is typical for the PSI-LHCI complex seen 
from  the  stromal  side  (see  Suppl.  Info.,  Fig.  S4A  and  (Wientjes  et  al.,  2009)).  This 
characteristic density facilitated a manual fitting of the X-ray model of plant PSI-LHCI (Amunts 
et al., 2010) into the projection maps of the Chlamydomonas reinhardtii PSI-LHCI  (Fig. 7A,B). 
 
Figure 7. Structural assignment of the smaller (a) and larger (b) type of Chlamydomonas reinhardtii 
PSI-LHCI complex by fitting the high resolution structure of the plant PSI-LHCI complex (PDB 
code  2WSC)  (Amunts  et al.,  2010).  The  white  arrow  indicates  the  position  of  two  peripheral 
subunits PsaL and PsaH. The yellow arrow shows the best-resolved density of Lhca protein of the 
inner row, which corresponds to the position of Lhca1 in the plant PSI-LHCI complex; the blue 
arrow indicates the density of the best-resolved Lhca protein of the outer row of LHCI. Black 
asterisks  (a)  mark  the  high  density  spots  of  the  proposed  outer  LHCI  half-ring,  which  are 
presumed to correspond to the C helix of the Lhca polypeptide. A tentative fitting of the outer 
row of LHCI using the structure of the Lhca2 protein is indicated in panel b. Panel c, the PSI-
LHCI-LHCII supercomplex of A. thaliana (adapted from Kouril et al. (2005) is shown at the same 
scale for a direct comparison of the PSI antenna size between green algae and plants. 
 
The fit shows an overall good agreement between X-ray and EM data, especially for the larger 
complex (Fig. 7B). In the case of the smaller complex, the lack of EM density on the right side   49 
of the projection map may correspond to the absence of PsaL and PsaH (Fig. 7, white arrows), 
rather  than  to  the  absence  or  presence  of  a  larger-sized  Lhca  subunit.  This  assignment  is 
supported by the biochemical data indicating that PsaH and PsaL are the first subunits to be lost 
(see above). An on-scale comparison of the Chlamydomonas reinhardtii PSI-LHCI projection maps 
with the structure of pea PSI-LHCI clearly indicates that the antenna proteins of Chlamydomonas 
reinhardtiieinhardtii are all bound at one side of the core (Fig. 7A,B). To delve further into the 
organization of the Lhca complexes, we performed a similar analysis of fraction A2, which lacks 
Lhca2 and Lhca9. Electron microscopy of the A2 specimen, followed by image analysis of about 
20,000 single-particle projections, produced a projection map similar to, but smaller than, that 
of the Chlamydomonas reinhardtii PSI-LHCI  complex (Fig. 6C). A direct comparison of the 
projection maps of PSI-LHCI and A2 (Fig. 6A, C) leads to the localization of Lhca2 and Lhca9. 
One of them occupies the binding site where Lhca1 binds to the core in higher plants, while the 
other is located in a position that is not present in higher plants (Fig. 7B, C). Regarding the 
other Lhca complexes, the improved map allows recognition of small, but strong, circular 
densities (Fig. 7A, B, black asterisks) that we assume correspond to helix C of the Lhca proteins, 
which is roughly perpendicular to the membrane plane, thus resulting in a strong density in the 
projection map (see also Fig. S4A in the Supplementary data). Based on the X-ray model fitting, 
the inner row of Lhca proteins in Chlamydomonas reinhardtii comprises four Lhca proteins, which 
can directly associate with the core, in principle, in a mode similar to that of plants. However, 
a local mismatch in the X-ray model fitting indicates that at least one Lhca protein of the inner 
row,  the  first  from  the  top,  has  a  slightly  different  binding  position/orientation  in 
Chlamydomonas reinhardtii  (Fig.  7A,  B,  yellow  arrows).  The  fitting  of  the  plant  PSI-LHCI 
structure into the Chlamydomonas reinhardtii PSI-LHCI map highlights an additional area of the 
projection map, comprising an outer row of Lhca proteins absent in the plant structure (Fig. 
7A). The localization of the topmost Lhca in the outer row is evident from the well-resolved 
EM  density  (Fig.  7A,  B,  blue  arrows).  The  fitting  of  the  four  remaining  Lhca  proteins  is 
facilitated by the localization of their C helices (Fig. 7B), allowing determination of the position 
of all 9 Lhca complexes in the structure of Chlamydomonas reinhardtii PSI-LHCI. 
 
DISCUSSION 
 In contrast to higher plants, a consistent picture ofthe composition and organization of the 
antenna  subunits  in  PSI  of  Chlamydomonas reinhardtii  is  not  yet  available.  There  is  also  no 
consensus  about  the  number  of  Lhca  copies  associated  with  PSI,  since  Lhca/core 
stoichiometries ranging from 4 to 14 have been proposed (Germano et al., 2002; Kargul et al., 
2003; Bassi et al., 1992; Subramanyan et al., 2006; Takahashi et al., 2004; Stauber et al., 2009; 
Kargul et al., 2005). In this work we have purified a His6-tagged version of Chlamydomonas 
reinhardtii PSI-LHCI  after  mild  detergent  solubilization  of  the  membranes.  PSI-LHCI  sub 
complexes with different antenna sizes have been obtained after further solubilization of the 
purified complex, suggesting that the association of at least part of the antenna to the core is 
relatively loose, which could, at least partially, explain the discrepancy in the number of Lhcas 
that have been found associated with the core.   50 
Lhca/core stoichiometry: 9 Lhca complexes are associated with PSI core 
The  largest  PSI-LHCI  complex  purified  was  shown  to  be  highly  homogeneous  (Fig.  SI2). 
Several  lines  of  evidence  suggest  that  the  Lhca/core  ratio  of  this  complex  is  9:  (i)  the 
comparison of the Chlamydomonas reinhardtii PSI-LHCI projections with either the A. thaliana 
complex or the pea PSILHCI crystal structure suggests the presence of 5 extra Lhcas in the 
former  (Fig.  7);  (ii)  the  apparent  MW  of  Chlamydomonas reinhardtii PSI-LHCI  is  770KDa, 
corresponding to a complex with 9 Lhcas; (iii) the Chl a/b ratio of 4.4 of Chlamydomonas 
reinhardtii PSI-LHCI is consistent with the presence of 9 Lhca complexes with an average Chl 
a/b ratio of 2.2, in agreement with the results on reconstituted Lhcas (Mozzo et al., 2010); (iv) 
a PSI subcomplex with MW of 690 kDa (i.e. still far larger than the plant supercomplex) was 
shown (by MS and EM) to lack two Lhca subunits and some core subunits, compared to the 
largest plant PSI-LHCI supercomplex. EM analysis shows that the Chlamydomonas reinhardtii PSI-
LHCI  preparation  contains  only  two  types  of  particles,  differing  by  some  density  at  the 
PsaH/PsaL site. This density, however, is too small to accommodate a Lhca complex. The 
preparation is thus homogeneous with respect to the antenna composition. Comparison of the 
EM maps of Chlamydomonas reinhardtii PSI-LHCI and the A2 subcomplex reveals the positions of 
Lhca2 and Lhca9 as two well-defined densities. These densities are present in all particles in the 
PSI-LHCI fraction, implying a 1:1 stoichiometry of each polypeptide with the core. In a recent 
study, it was found that most of the Lhca complexes, including Lhca2 and Lhca9, are present in 
substoichiometric amount respect to the core (Stauber et al., 2009). However, these data were 
obtained by averaging the results of three preparations with different Chl a/b ratios, and thus 
very likely with different antenna sizes. Indeed, Stauber et al., (2009) suggest that 7.5 ± 1.4 
Lhca proteins are present per core complex, with the highest value in that range being in good 
agreement with our results. Moreover, the Lhca complexes that were suggested to be in a 1:1 
ratio with the core are Lhca1, Lhca3, Lhca4 and Lhca7, which correspond (with the exception 
of Lhca4) to the complexes that are still present in the smaller particles (Fig. 4A), and are thus 
likely to be more stably associated with the core. 
 
Disassembly of the complex 
The sequential disassembly of the Chlamydomonas reinhardtii PSI-LHCI complex after secondary 
solubilization provides information about the hierarchic organization of the complex. The first 
step in the disassembly process (i.e. production of subcomplex A2) corresponds to the loss of 
PsaL, PsaH, Lhca2 and Lhca9. The fact that these polypeptides are lost first in the presence of a 
very low concentration of ionic detergent indicates that they are rather loosely bound. It also 
explains  previous  reports  in  which  Lhca2  and  Lhca9  were  either  absent  or  present  in 
substoichiometric amounts (Takahashi et al., 2004; Stauber et al., 2009). The facile loss of these 
LHCI complexes, which are known to harbour the red-most forms of the antenna pigments 
(Mozzo et al., 2010), might also explain the large discrepancies in excitation energy transfer 
and trapping studies of Chlamydomonas reinhardtii PSI-LHCI found in the literature (Ihalainen et 
al., 2005; Ludtke i., 1999; Owens et al., 1989; Melkozernov et al., 2004; Melkozernov et al., 
2005). 
The second disassembly step leads to a complex (A3) with an apparent MW of 570 kDa, and 
which lacks Lhca 4, Lhca5 and Lhca6. No loss of core subunits beyond PsaH and PsaL, which   51 
are already absent in the A2 complex, was observed. The 120- kDa difference between A2 and 
A3 can thus be fully attributed to the loss of 3 Lhca antenna complexes.  
The next subcomplex (A4) has an apparent molecular weight of 460 kDa. It has lost PsaK, PsaG 
and PsaF, but it seems to retain part of the antenna. Indeed, all Lhcas but Lhca2 and Lhca9 
could be detected in this fraction. However, their level was around 40% of that in the largest 
complex  (A1),  with  the  exception  of  Lhca7  and  Lhca8,  whose  presence  was  unchanged. 
Fraction A4 also shows a lower Chl a/b ratio as compared with fraction A3, in agreement with 
a higher content of Lhca. The apparent discrepancy of having a complex with reduced MW but 
with  higher  antenna  content  can  be  reconciled  by  taking  into  account  the  fact  that  Lhca 
complexes can also form a large complex (300-540kDa) in the absence of the core (Ozawa et 
al., 2010; Takahashi et al., 2004). This complex has been shown to be composed of all Lhcas 
but Lhca3, Lhca2 and Lhca9, and to have an emission maximum at 708 nm. These are also the 
characteristics  of  the  A4  fraction  (except  for  the  presence  of  Lhca3),  suggesting  that  this 
fraction contains a PSI subcomplex co-migrating with a Lhca-oligomer. The 460-kDa complex 
corresponds well to a core that has lost PsaK, PsaG, PsaF, PsaL and PsaH, but still retains two 
Lhcas. The best candidates for these are Lhca7 and Lhca8, which are still present at WT levels, 
or Lhca3, which is present in this fraction but it is not expected to be part of the Lhca-oligomer. 
Fraction A5, with an apparent MW of 370 kDa, represents a core complex that has lost the full 
Lhca complement, in addition to the above mentioned PSI-core subunits. The Lhca proteins 
detected in this fraction (all but Lhca2 and 9) are all present at low but comparable levels. This 
is likely due to co-migration of an antenna oligomer, which can apparently exhibit different 
sizes. 
In the last step of the disassembly, an additional complex appears, which has lost the stromal 
subunits PsaC, PsaD and PsaE. It is composed of only the central subunits PsaA and PsaB, and 
thus  represents  a  stripped-down  PsaA/B  heterodimer.  The  implied  disassembly  sequence: 
PsaH/L > PsaG/K/F > PsaC/D/E > PsaA/B suggests that the assembly of the PSI complex 
occurs in the opposite order, in partial agreement with recent results (Ozawa et al., 2010). 
Moreover,  it  corresponds  to  more  and  more  fundamental  biochemical  function,  with  the 
PsaA/B  heterodimer  being  the  locus  of  charge  separation,  PsaC/D/E  adding  the  terminal 
acceptors  and  ferredoxin-binding  site,  PsaF/J  (the  latter  implied)  adding  the  plastocyanin-
binding site and PsaG/K adding the ability to bind LHCI antenna complexes (Jensen et al., 
2007; Scheller et al., 2001; Fischer et al., 1999; Owens et al., 1988). Finally, PsaL/H add the 
ability to bind LHCII trimers during state transitions (Lunde et al., 2000; Zhang and Scheller, 
2004). 
 
Photosystem I organization 
Although several studies have focused on the structural organization of the PSI-LHCI complex 
of Chlamydomonas reinhardtii (Kargul et al., 2003; Kargul et al., 2005; Fischer et al., 1998), this 
has not yet led to a conclusive model for the antenna organization. The discrepancy between 
previous models is largely due to limited resolution in the electron microscopy density maps. 
This made it impossible to determine the positions of individual Lhca proteins, and even the 
orientation and positioning of the PSI core moiety can be questioned (Kargul et al., 2003). 
Moreover, at the time of the first studies (Germano et al., 2002; Kargul et al., 2003), the plant   52 
PSI-LHCI structure, which turned out to be crucial for assignment of the correct stoichiometry 
and position of the four Lhca antenna proteins (Ben-Shem et al., 2003), was not yet available. 
 
CONCLUSION 
In this study we obtained a PSI-LHCI projection map at about 15 Å resolution and the density 
profile  enabled  us  to  position  the  core  complex  and  nine  Lhca  antenna  polypeptides.  In 
particular, the assignment of 5 similar high-density spots in the peripheral part of the LHCI 
antenna, assumed to correspond to the density of the C helix of the 5 outer Lhca proteins, was 
helpful to establish the stoichiometry. The positions of Lhca2 and Lhca9 were assigned with 
high confidence. Further data are necessary to determine the exact location of the other 7 Lhca 
proteins, but based on the reasonable assumption that PSI-LHCI complexes disassemble by 
losing the most external antenna complexes first, we propose that Lhca4, Lhca5 and Lhca6 are 
located in the outer half-ring of the supercomplex, while Lhca1, Lhca3, Lhca7 and/or Lhca8 
compose the inner half- ring, with Lhca3 located next to PsaK, based on previous results (Busch 
and Hippler 2011). It is interesting to observe that the loss of PsaG, PsaK and PsaF leads to the 
dissociation of a large part of the antenna, confirming the important role of these subunits in the 
stable association of LHCI with PSI (Ozawa et al., 2010). 
PSI of Chlamydomonas vs. PSI of higher plants 
The comparison of the PSI-LHCI supercomplexes from green algae and plants reveals that they 
differ in several respects. 
- The outer antenna of green algal PSI-LHCI in is larger than in plants (9 Lhcas vs. 4) 
- The Lhcas are organized into two half-rings on one side of the core; the outer half-ring is not 
present in plant supercomplexes. 
- Chlamydomonas reinhardtii PSI-LHCI is less stable than the complex from higher plants and 
easily loses some of the Lhcas, starting with Lhca9 and Lhca2. 
- The amount of red forms is far lower for Chlamydomonas reinhardtiiPSI-LHCI than for the plant 
supercomplex; the Chlamydomonas reinhardtii complex has an emission maximum at 716 nm vs. 
735 nm for the one from A. thaliana. 
- LHCI complexes from Chlamydomonas reinhardtii have a higher Chl b content as compared with 
plant LHCI. 
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 SUPPLEMENTARY DATA  
Figure S1. Lhca composition of PSI-LHCI analysed by SDS-Page and MALDI-TOF/TOF  
(A) To determine the composition of Lhca in PSI-LHCI complex and the mobility of each 
protein in gel, the six bands present in the 30-20 kDa range of the SDS-PAGE were cut and 
analysed by MALDI-TOF/TOF (see below for the experimental details). All six bands were 
shown to contain Lhca proteins, but all of them contain more than one protein. The two lower 
bands also contein PsaD and PsaF.  
 (B)  The  presence  of  two  PSI  super  complexes  with  different  size  in  the  sucrose  gradient 
following  affinity  chromatography  suggests  that  part  of  the  antenna  has  been  lost  during 
purification. To test this hypothesis, the fraction that did not bind to the column (flow through) 
was loaded on a sucrose gradient, the green bands were harvested and analysed by SDS-PAGE. 
Lhca proteins were visible in the green bands containing antennae complexes of PSII. 
 
 
Liquid Chromatography-Mass Spectrometry (LC-MS) 
In gel tripsin digestion was performed as reported in the experimental procedure in the main 
text. Tryptic peptides were resuspended in 0.1% TFA and separated on a C18 capillary column 
(C18 PepMap 300, 75 µm x 150 mm, 3 µm particle size, LC-Packing) mounted on an MDLC 
nano liquid chromatography system (GE-Healthcare) prior to trapping on a pre-column (300 
µm x 5 mm, C18 PepMap300). Aqueous solutions of 0.05% TFA (A) and 80% acetonitrile, 
0.05% TFA (B) were used for elution. A two-step gradient from 4-40% B in 50 minutes was 
performed at a flow rate of 250 nL min
-1. Column effluent was mixed 1:4 v/v with a solution 
of 2.3mg/mL α-cyano-4-hydroxycinnamic acid (LaserBio Labs) in 60% ACN/0.07% TFA. 
Fractions of 12 seconds width were spotted on a blank MALDI target with a Probot MALDI 
spotter  system  (Dionex).  Mass  Spectrometric  analysis  was  carried  out  with  a  MALDI-
TOF/TOF 4800 Proteomics Analyzer (Applied Biosystems) in the m/z range 900-5000. Data 
acquisition was performed in positive ion mode. Peptides with signal-to-noise level above 100 
were  selected  for  MS/MS  fragmentation.  Peak-lists  of  the  acquired  MS/MS  spectra  were 
generated, using default settings and a S/N threshold of 20.   54 
 
Figure S2. Mild solubilization of band B1 and native gel 
Native gel of the B1 band solubilized in the presence of 0.01%SDS (left, C) compared with the PSI-
LHCI (sub) complexes of Arabidopsis thaliana used as MW standards (right, A). Three main bands 
are visible in C, the upper two have MW and protein composition similar to that of the A5 band 
(main text), while the A6 band moves faster in the gel, indication of a smaller complex. 
 
 
Figure S3. Electron microscopy of PSI-LHCI. Electron micrograph of  isolated negatively stained 
Chlamydomonas reinhardtii PSI-LHCI. Space bar is 100 nm.  
 
 
Figure S4. Analysis of the EM projection of PSI-LHCI – comparison with higher plant complex    55 
The EM projection maps of PSI-LHCI complex from C. reinhardti (A, B) was compared with 
that of Arabidopsis PSI-LHCI-LHCII supercomplex (adapted from Kouřil et al., . 2005) (C), 
and with a projection map of plant PSI-LHCI complex viewed from the stromal side generated 
from atomic model (D) (Amunts et al., 2010) truncated to 15 Å resolution using routines from 
the EMAN package (Ludtke et al., 1999). The green contours mark the strongest density of the 
PSI core complex. The yellow arrow in D indicates a strong density of the C helix of Lhca2 
subunit, which was used as a marker for an assignment of the high-density spots of the outer 
LHCI  row  of  the  C. reinhardtii  PSI-LHCI  complex  (see  Figure  7).  The  C  helix  is  almost 
perpendicular to the membrane plane and separated from the other two helices. Under such 
circumstances staining molecules can optimally accumulate around a helix and a projection of 
such  a  helix  can  result  in  a  clear  strong  density  spot.  Yellow  arrows  in  (A)  indicate  high 
densities resolved at the outer row of LHCI, which strongly resemble the high density of the C 
helix of Lhca2 protein in (D). 
 
 
Figure S5. Analysis of the EM projection of PSI-LHCI – comparison of the two projections  
A comparison to show the similarities and differences between the two main classes of sample 
B2, as presented above. Some high-density areas and the circumference have been marked in 
green and red in both maps. The overlay indicates that the positions of the high-density areas 
are very similar, indicating that there is no shortening between the two particles that could have 
been caused by tilting on the carbon support film used for EM specimen preparation. Hence, 
the difference in circumference at the right is caused by an absence or presence of a protein 
subunit. The difference has a width of 15 Å, at the most, which is too small to accommodate an 
Lhca protein. It could be the H or L protein subunit as suggested by biochemical data. Space bar 
is 10 nm.  
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“It is not the strongest of the species that survives, nor the most intelligent that survives. It is the one that is 
the most adaptable to change.” 
- Charles Darwin, Origin of Species (1859) 
CHAPTER 4. SINGLE PARTICLE ANALYSIS REVEALS EFFECT OF HIGH 
LIGHT ACCLIMATION ON PHOTOSYSTEM I FROM CHLAMYDOMONAS 
REINHARDTTI   57 
ABSTRACT 
We  compare  the  composition  and  structure  of  photosystem  I  complex  (PSI-LHCI)  in  the  green  alga 
Chlamydomonas reinhardtii upon acclimation to high light conditions. In correlation with spectroscopic 
analysis, single particle electron microscopy revealed a heterogeneous PSI-LHCI preparation constituting of 
whole and partially disconnected complexes. When compared with complexes from standard light conditions, 
there were various types of novel smaller complex projections observed from the highlight conditions than 
just the Lhca2/9 less projections seen before. These results show that there is an effect on PSI-LHCI complex 
population upon high light acclimation, leading to co-existence of a heterogeneous population.  
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INTRODUCTION 
Key players in the photosynthetic reactions of algae and vascular plants are photosystem I (PSI) 
and photosystem II (PSII). To increase light energy absorption they have, besides the core 
antennae  subunits,  special  Light  Harvesting  Complexes  (LHCs)  attached.  Increase  of 
photosynthetic capacity is relevant under low light conditions but plants become often exposed 
to  conditions  where  absorbed  energy  exceeds  their  capacity  for  electron  transport.  When 
absorbed light energy exceeds the capacity of consumption, subsequent reactions can lead to 
the production of a chlorophyll excited triplet-state, which upon interaction with O2 causes 
formation of reactive oxygen species (Asada, 1994) and subsequent photo-inhibition. These 
reactive oxygen species are harmful and damage the photosynthetic machinery, in particular PSI 
and PSII (Barber & Andersson, 1992; Niyogi, 1999). Therefore photosynthetic organisms strive 
to optimize photosynthesis whilst minimizing photo-oxidation as a response to excess of light. It 
is further obvious that avoidance of reactive oxygen species needs short-term fine-tuning of the 
process  of  photosynthesis.  There  are  also  long-term  adaptations  necessary,  and  one  is  to 
increase or decrease the overall number of LHCs per PSI and PSII reaction centre to optimize 
the plant to average low- or high light levels. 
 
Chlamydomonas reinhardtii is a model photosynthetic organism (Harris, 2001; Rochaix, 2002) 
considered for studies on the assembly, function and regulation of photosynthetic machinery. 
Biochemical and structural (electron microscopy) studies have consistently revealed that its PSI 
complex  is  larger  with  up  to  9  integral  membrane  bound  antennae  to  the  core  periphery 
(Germano et al., 2002; Stauber et al., 2003; Drop et al., 2011). 
Research of light-dependent modulation of photosynthetic proteins is vital for directing boosted 
microal gal growth for biomass production. According to a recent study about acclimation of C. 
reinhardtii to different growth irradiances, accelerated growth, modulated chlorophyll content 
in the cells and activation of other photoprotective mechanisms were observed. However, 
except for the ratio (PSI/PSII), the size of the photosystems were reported as not modulated 
(Bonente et al., 2011). 
In this study, the effect on the structure of PSI-LHCI complex in C. reinhardtii upon long-term 
acclimation to high light conditions was investigated under constant illumination at 500µE. 
 
MATERIALS AND METHODS  
Strain and growth conditions 
Chlamydomonas reinhardtii strain (JVD-1B[pGG1]) in which a hexa-histidine tag has been added 
at  the  N-terminus  of  core  subunit  (Gulis  et al.,  2008)  was  grown  in  liquid  Tris-Acetate-
Phosphate  (TAP)  medium  (Gorman  and  Levine  1965).  Cells  were  cultured  at  room 
temperature  (25°C)  on  a  rotary  shaker  under  a  continuous  illumination  flux  of  20  µmol 
photons PAR m
-2 s
-1 or 500 µmol photons PAR m
-2 s
-1 respectively for standard light condition 
and high light acclimation.    59 
Thylakoids preparations 
Cells were harvested at the mid-logarithmic phase (OD750nm = 0.7) by centrifugation (3500 
rpm, 5 min, 4°C) and thylakoids were prepared as described before (Fischer et al., 1997; Drop 
et al., 2011). 
Purification of the His-tagged PSI complexes 
Thylakoid membranes were washed two times with a buffer containing 5 mM EDTA, pH 8 and 
10 mMHepes, pH 7.5 respectively. Membranes were resuspended in solubilization buffer (20 
mM Hepes, pH 7.5, 0.2 M NaCl) to a chlorophyll concentration of 1 mg/ml and an equal 
volume of 0.9% α-dodecylmaltoside (α-DM) was added. Samples were vortex for few seconds 
and then centrifuged (12,000 rpm, 10 min, 4 °C) to remove unsolubilized material.  
PSI-LHCI was isolated in two steps purification. The supernatant was loaded onto a HisTrap 
HP Column (GE Healthcare) equilibrated before with 20 mMHepes, pH 7.5, 0.2 M NaCl, 
0.03% α-DM and washed with the same buffer. Elution was carried out with 20 mMHepes (pH 
7.5), 0.2 M imidazole, 0.03 % α-DM. The eluted fraction was loaded on a sucrose density 
gradient (made by freezing and thawing 0.65 M sucrose, 10 mM Tricine, pH 7.8, 0.03% α-DM 
buffer) and purified to homogeneity by ultracentrifugation (41,000 rpm, 17 h, 4 °C). The 
green bands of the sucrose gradient were collected with a syringe. 
Gel electrophoresis 
Proteins were analyzed by a SDS-6M urea PAGE with Tris-sulphate buffer system prepared as 
in Bassi et al., 1985. 3µg of sample was loaded into each well.  
Spectroscopic analysis 
Absorption  spectra  were  recorded  at  room  temperature  with  a  Cary  4000  UV-Vis 
spectrophotometer (Varian). Room-temperature and 77K fluorescence emission spectra were 
recorded  using  a  Fluorolog  3.22  spectrofluorimeter  (JobinYvon-Spex).  The  excitation 
wavelengths were 440 nm, 475 nm and 500 nm and excitation and emission slits were set to 
3.5 nm. 
Pigment composition 
The pigment composition of the cells, thylakoids and isolated complexes was analyzed by fitting 
the  absorption  spectrum  of  the  80%  acetone  extracted  pigments  with  the  spectra  of  the 
individual pigments in acetone and by HPLC as described in Croce et al., 2002a.   
Electron microscopy and single particle analysis 
Samples were negatively stained using the droplet method with 2% uranyl acetate on glow 
discharged  carbon-coated  copper  grids.  Electron  microscopy  was  performed  on  a  Philips 
CM120 electron microscope equipped with a LaB6 filament operating at 120 kV. Images were 
recorded with a Gatan 4000 SP 4 K slow-scan CCD camera at either 130000 × magnification at 
a pixel size (after binning the images) of 2.3 Å, respectively, at the specimen level with GRACE   60 
software for semi-automated specimen selection and data acquisition (Oostergetel et al., 1998). 
Single particle analysis was performed using GRIP software including multi-reference and non-
reference alignments, multivariate statistical analysis, and classification, as in Boekema et al., 
(1999). 
RESULTS  
Acclimation to highlight conditions was investigated in C. reinhardtti under constant illumination 
of 500 µE. Highlight acclimated PSI complex was isolated using the same strategy as before 
(Drop et al., 2011). A mutant strain carrying six histidine residues added to PsaA subunit was 
used. The thylakoid membranes purified from this high light acclimated strain were mildly 
solubilized to keep PSI supercomplexes intact before loading onto a Nickel-Sepharose column, 
to bind PSI and eliminate PSII. To obtain homogeneous preparations of PSI supercomplex, the 
eluted fraction was subjected to sucrose density gradient ultracentrifugation. Sucrose gradient 
separation resulted in two main bands: B1 and B2. Band 2 (B2) was identified previously (Drop 
et al., 2011) as PSI-LHCI complex, while band 1 (B1) represents a partial PSI complex with 
missing LHCI antennas.  
The position of these green bands from cells grown in HL conditions was compared with the 
position of PSI supercomplexes isolated from cells grown in the standard conditions (St). Both 
gradients resulted in similar separation of green bands (Figure 1), however the position of B2-
HL was slightly higher than position of B2-st, which suggested a lower molecular weight of HL 
PSI-LHCI, thus complexes with less antenna subunits.  
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Figure 8. Sucrose gradients of isolated and purified PSI complexes from St and HL, B1 and B2 
constitute of core complexes and PSI-LHCI complexes respectively (Drop et al., 2011). 
 
The intensity of the four green bands (B 1/2 and St/HL) was measured after densitometry. The 
ratio of peak surfaces of B1 and B2 changed from 4: 96 in St to 57: 43 in HL. The bands were 
collected and the composition of these fractions was further analyzed by biochemical, and 
spectroscopic analysis. The B2 band from HL was investigated using single particle EM. 
POLYPEPTIDE COMPOSITION 
The polypeptide compositions of both green band fractions (B2-St and B2-HL) along with 
thylakoids from both conditions (HL and St) were analyzed by SDS-PAGE (Figure 2). The 
analysis confirmed the presence of PSI components in B2 fractions, which were composed of 
core complexes and LHCI complexes, respectively, as found earlier (Drop et al., 2011). No 
bands corresponding to PSII and Lhcb subunits were visible in the gel, indicating that PSI 
complexes were free from PSII contamination.  
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Figure  9.  SDS-PAGE  analysis  of  the  band  B2  complexes  from  St  (lane  3)  and  HL  (lane  4)  in 
comparison with thylakoids from St (lane1) and HL (lane2) conditions. 
 
While the band pattern for B2-HL and B2-St fractions was very similar, it is noticeable from the 
relative  intensities  of  the  bands,  that  the  ratio  of  PSI  core  subunits  (PsaA/PsaB)  to  LHCI 
antenna  subunits  was  higher  for  fraction  of  B2-HL  (Figure  2.).  The  same  result  could  be 
observed  for  HL  and  St  thylakoids.  This  indicates  a  decrease  in  antenna  size  of  highlight 
acclimated PSI supercomplexes, which is in total agreement with the rest of our data. 
 
SPECTROSCOPIC ANALYSIS 
St  PSI-LHCI  complexes  showed  maximum  absorption  at  680  nm  (Figure  3.).  In  contrast 
absorption peak for HL PSI-LHCI complexes was blue shifted at 677 nm and showed less 
chlorophyll b absorption indicating a loss in light harvesting antennas. 
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Figure 10. Absorption spectra of PSI-LHCI complexes from C. reinhardtii grown under standard 
condition (St) and high light (HL) acclimation 
 
 
PIGMENT COMPOSITION 
The pigment analysis indicated a Chl a/b ratio of 5.38 for HL PSI-LHCI and 4.54 for st1 PSI-
LHCI (Figure 4.), which is in agreement with absorption spectra analysis. 
 
 
 
 
Figure  4.  Chlorophyll  a/b  ratio  of  PSI  complexes  isolated  from  C. reinhardtii  grown  under 
standard condition (St) and high light (HL) acclimation 
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TOPOGRAPHY  OF  PSI-LHCI  SUPERCOMPLEXES  FROM  HIGHLIGHT  ACCLIMATED  C. 
REINHARDTTI 
A data set of 16,746 particle projections was aligned and clustered into 12 classes, of which the 
class-sums are presented (Figure 5). Class A and B have been previously isolated as the normal 
whole PSI-LHCI complex and a smallerLhca2/9less projections, respectively. The rest (C to L) 
are much smaller complex projections and are not present under normal or low light (Germano 
et al., 2002; Drop et al., 2011). About 60% of them lack one or more subunits, but to quantify 
the absence / loss of subunits, the numbers of particles belonging to the classes of Fig. 5A-L 
were compared (Table 1). From Table 1 we can fairly estimate that on average a PSI core is 
associated to 6.4 Lhca proteins.  
 
 
Figure 5. PSI-LHCI complex projections (C-L) yield from highlight acclimated sample compared 
with whole complex (A) and Lhca2/9less (B) projections from Drop et al., 2011. 
 
Table 1. Number of particles belonging to PSI-LHCI classes 
 
Projection class 
 
Number of particles  
A  6516 
B  1070 
C  615 
D  809 
E  672 
F  477 
G  388 
H  194 
I  104 
J  1065 
K  2542 
L  2294 
Total analyzed  16746   65 
Because the exact positions of the 9 different Lhca subunits have not been identified, we can not 
determine which ones are absent in the various types of particles. However, by modeling the 
pseudo-atomic model proposed for the whole PSI-LHCI supercomplex (Drop et al., 2011) into 
the various projection maps we can see at which positions subunits are present or absent. 
Modelling was done for the best 6 maps from Figure 5 and the resulting maps are presented in 
Figure 6A-F. They can be compared with a model of the full complex to see the differences 
(Figure 6G). Comparison indicates a subsequent absence / loss of subunits at 10 different 
positions going from the larger to the smaller particles (white numbers, Figure 6A-F). Numbers 
1,2, 7-10 mark the absence of light-harvesting subunits Lhca2/9, followed by Lhcax2, Lhcax4, 
Lhcax5 and Lhcax3, until finally only two subunits are left over (Figure 6F). Interestingly, the 
absence / loss of subunits also occurs at the core part (places numbered 3-6). Subsequently, the 
subunits PsaH, PsaG, PsaL and PsaK become lost (Figure 6B-C and Table 2). This occurs when 
at least the antenna subunits Lhca2/9 are absent. PsaN is likely to be lost along with the Lhca3 
designated  antenna (Figure 6F). 
 
 
 
Figure 6. (A-F) Proposed fitting of 6 specific PSI-LHCI sub complexes upon highlight acclimation. 
These subcomplexes correspond;  A (to A), B (to B), C (to C-D-E-F-G), D (to H-I), E (to J-K), and F 
(to  L)  of  Figure  2,  respectively.  The  white  numbers  indicate  the  places  were  subsequent  lost 
subunit(s) including antenna(e) are located in each smaller particle, as compared to the  previous 
sub complex. G Model of the full complex (Drop et al., 2011). 
 
Table 2. Legend of missing/lost subunits in high light PSI-LHCI. 
  Lost subunits  Correlating subcomplex  
(in figure 5) 
1  Lhca 2/9  B, C, D, E, F 
2  Lhca 2/9  B, C, D, E, F 
3  Psa H  B, C, D, E, F 
4  PsaG  C, D, E, F 
5  PsaL  C, D, E, F 
6  PsaK  C, D, E, F 
7  External layer Lhca (Lhcax2)  D, E, F 
8  External layer Lhca (Lhcax4)  E, F 
9  External layer Lhca (Lhcax5)  E, F 
10  External layer Lhca, PsaN and Lhca3* 
(Lhcax2) 
F 
*Higher plant designation   
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DISCUSSION 
The importance of balancing light-harvesting capacity and photosynthetic electron transfer to 
avoid  over  excitation  of  the  antennae  in  C.  reinhardtti  was  initially  professed  in  the 
photosensitive phenotype of the PsaF-deﬁcient strain (Hippler et al., 2000). While screening 
for  light-resistant  suppressors,  a  strain  was  found  in  which  the  LHC  polypeptides  are  not 
properly assembled within the thylakoid membrane and also not functionally connected to the 
reaction centers (Hippler et al., 2000). And from related findings it has been assumed that in 
such a mutant, inability of a large part of the excitation energy to reach the reaction center can 
provide protection against high light (see review by Nield et al., 2004).  
The question addressed in this study is if the C. reinhardtti PSI complex is modified under high 
light  acclimation.  In  a  previous  study,  it  was  observed  that  light  absorption  capacity  in 
photosynthetic complexes from C. reinhardtti grown at high light conditions was down regulated. 
This  was  attributed  to  decreased  chlorophyll  content  per  cell  (Bonente  et al.,  2012).  The 
chlorophyll a/b ratio measurements of the isolated complexes in this study revealed a higher 
value in high light acclimated compared to Standard light PSI-LHCI complexes (Figure 4), in 
disagreement with previous work (Bonente et al., 2012). This indicates a reduced number of 
peripheral Lhca antenna subunits, because they have an overall higher chlorophyll b content.  
 
The largest complex found binds 9 Lhca subunits (Drop et al., 2011) and is the dominant 
particle under normal light conditions. Indeed, sucrose density centrifugation indicated that 
under standard light the vast majority of complexes is in band 2 (Figure 1), which is composed 
of the largest PSI-LHCI particles. The faint band 1 comprises only small numbers of core 
particles. From the relative surfaces of the peaks we can estimate the relative numbers of these 
particles.  The  precise  Chl  composition  of  the  full  Chlamydomonas  PSI-LHCI  and  PSI  core 
complexes  are  not  know,  but  we  can  use  the  high-resolution  structure  data  of  plant  PSI 
(Amunts et al., 2010). Plant PSI includes 173 Chl molecules, of which about 70 are located in 
the 4 LHCI subunits and gap region around the core part. This is in agreement with the 
assumption that one Lhca binds between 10-14 chlorophylls like in Arabidopsis (Croce et al., 
2002b; Klimmek et al., 2005). From this we estimate that Chlamydomonas PSI-LHCI and PSI 
core have 236 and 100 Chls, respectively. With a peak surface ratio of 96: 4 this would mean a 
particle ratio of PSI-LHCI: PSI core of about 93: 7. In high light the surface ratio drops to 43: 
57, compatible to a particle ratio of 28: 72. 
 
The reduction caused by high light from full complexes to cores can be further quantified if the 
single particle EM analysis is considered. We found that in high light more than a half (60%) of 
PSI population analyzed consists of subcomplexes of the largest PSI-LHCI complex (Figure 5, 
Table 1). The smallest complexes contained just two Lhca copies per core; and on average PSI 
complexes were containing about 6.4 Lhcas. This number is clearly lower than 9 Lhcas for the 
full complex. There is, however, one aspect that we cannot take into full account. It is possible 
that particles with an incomplete set of antenna complexes are less stable than full complexes 
and decompose once several of the antenna subunits are not integrated. On the other hand, the 
particles were freshly prepared and this effect may not be very drastic, given the fact that   67 
previously Arabidopsis mutants lacking a specific Lhca subunit retained the other 3 subunits 
(Wientjes et al., 2009). So if we take the average number of 6.4 Lhcas for the PSI-LHCI 
complexes into account, then we can say that overall in high light we would have a PSI-LHCI : 
PSI core ratio of 38 : 62. This means that on average a PSI complex is associated with about 2.5 
copies of Lhca proteins in high light, instead of 8.4 for standard light. 
 
However, contrary to the previous general conclusion that the antenna size of photosystems is 
not modulated by highlight acclimation (Bonente et al., 2012), results in this study show that 
there is an effect on PSI-LHCI complex population, leading to disintegration or dissociation of 
some antennae. Presence of larger complexes implies that the overall effect seems to occur on a 
fraction of the PSI-LHCI complex population. The loss of other subunits other than Lhca as 
indicated in the model of the projections (Figure 6 and Table 2) could be related to their role in 
stabilizing LHCI. 
Elsewhere, in high light acclimated plants, ability to form semi-crystalline arrays in the grana 
membranes by the dominant C2S2M2 super complex form of PSII was also found to be strongly 
reduced while under light limiting conditions the arrays were found to be more densely packed 
(Kouril et al., 2012). Their findings point to a modulation whereby energy transfer between 
PSII is regulated or optimized for efficiency upon high or low light acclimation respectively. 
Similarly, the results in this study show an effect on the PSI-LHCI complex from C. reinhardtti 
that probably supports optimized light energy harvesting and channeling to the reaction center 
thereby preventing damage. The logic being that for C. reinhardtti PSI complex with a high 
number of Lhca, a maximum threshold of light intensity is reached and feedback mechanisms 
together  with  other  photo-protective  mechanisms,  could  be  triggered  in  a  form  of    “load 
shedding” to halt the possible destructive or photo damaging effects in the organism. 
 
As a side result we found (based on the modeling) that core subunits Psa-G, -H, -K, -L and -N 
are lacking. These subunits are among those that associate lastly with independently synthesized 
LHCI complexes in the proposed assembly steps of PSI-LHCI in Chlamydomonas and higher 
plants (Ozawa et al., 2009). Psa-G, -K, and -L also have implied roles in stabilization of LHCI. 
(Scheller et al., 2001). PsaH is involved in state transition where PSII subunits, such as LHCII 
trimer become attached to the PSI-LHCI complex (Lunde et al., 2000), so the lack of it could 
also imply that these PSI particles are not functional anymore in state 2.   68 
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“The natural history of these islands is eminently curious, and well deserves attention. Most of the organic 
productions are aboriginal creations, found nowhere else; there is even a difference between the inhabitants 
of the different islands; yet all show a marked relationship with those of America, though separated from 
that continent by an open space of ocean, between 500 and 600 miles in width.” 
 – Charles Darwin, The Voyage of the Beagle (1839) 
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CHAPTER 5. STRUCTURAL ANALYSIS OF PHOTOSYSTEM II SUB- AND 
SUPERCOMPLEXES OF CHLAMYDOMONAS REINHARDTII   69 
 
ABSTRACT 
Photosystem II (PSII) is a chlorophyll-binding multiprotein complex involved in the light reactions of 
photosynthesis. It is organized in the thylakoid membranes into large supercomplexes with variable amounts 
of peripheral light harvesting antenna complexes (lhcb). The largest supercomplex that could be purified 
contains three LHCII trimers (named S, M and N) per monomeric core. A projection map at 13 Å resolution 
was obtained allowing the reconstruction of the 3D structure of the supercomplex.  The position and 
orientation of S trimers are the same as in plants; trimer M is rotated by 45° and the additional trimer 
(named here LHCII-N), which is taking the position occupied in plants by CP24, is directly associated with 
the core. It is also shown that Chlamydomonas LHCII has a slightly lower chlorophyll a/b ratio of the 
complex from plant, a blue shifted absorption spectrum. Finally the protein composition of the membrane 
suggests that there are more than 6 LHCII trimers per dimeric core indicating that the antenna size of PSII 
of Chlamydomonas reinhardtii is larger than that of plants.  
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INTRODUCTION 
Photosystem  II  (PSII)  is  a  multisubunit  pigment-protein  complex  located  in  the  thylakoid 
membrane  of  cyanobacteria,  algae  and  higher  plants.  It  captures  and  converts  light  into 
chemical energy, which is used to oxidize water and reduce plastoquinone in the light reactions 
of photosynthesis (Andersson and Styring 1991; Goussias et al., 2002).  In Arabidopsis thaliana 
(A.t.) the largest isolated PSII supercomplex is dimeric and has a molecular weight of 1400 kDa 
(Caffarri et al., 2009). The monomer may be composed of up to 40 different proteins, most of 
which are permanently part of the complex, while others are expressed or associated with it in 
stress conditions or during assembly and degradation (Shi et al., 2012). In higher plants and 
algae, PSII is composed of two moieties: the core complex that contains all the cofactors of the 
election transport chain and the outer antenna, which increases the light-harvesting capacity of 
the core (Dekker and Boekema 2005).  
The PSII core complex is highly conserved in all organisms performing oxygenic photosynthesis 
(Nield et al., 2000; Nield et al., 2000; Büchel and Kühlbrandt 2005; Umena  et al., 2011). It 
contains the complex of the reaction center (RC) - composed of the D1 and D2 proteins and 
the cytochrome b559 - that generates the redox potential required to drive water splitting 
(Vrettos  et al.,  2001)  and  of  the  Chla antenna  complexes  -  CP43  and  CP47  (Alfonso  et 
al.,1994). On the lumenal side of the core, several extrinsic proteins (PsbO, PsbQ, PsbP, PsbR 
in plants and green algae) form the oxygen-evolving complex (OEC), which supports water 
oxidation (Ifuku et al., 2010; Dau et al., 2012). 
The genes encoding for the antennas of PSII of plants and green algae are members of the Light-
harvesting complex (Lhc) multigenic family, which also includes the antenna complexes of PSI 
(Jansson 1999). These proteins show structural homology (Ben-Shem et al., 2003; Liu et al., 
2004), meaning that each Lhc polypeptide has three transmembrane α-helices and coordinates 
Chlsa, Chlsb, and different carotenoid molecules. In higher plants LHCII is the most abundant 
light-harvesting  complex.  It  is  composed  of  3  gene  products  (Lhcb1-3)  and  is  structurally 
organized as heterotrimers with different composition. Each LHCII apoporotein binds eight 
Chlsa, six Chlsb and four carotenoids (Liu, Yan et al. 2004; Standfuss et al., 2005). Three other 
chlorophyll a/b-binding proteins, Lhcb4, Lhcb5, and Lhcb6, also known as CP29, CP26, and 
CP24, exist as monomers and have different pigment composition (Croce et al., 2002; Passarini 
et al., 2009; Pan et al., 2011). The major function of the outer antenna system is to capture 
light  energy  and  transfer  excitation  energy  to  the  RC  (Croce  and  van  Amerongen  2011). 
However, in the conditions where the absorbed light exceeds the photosynthetic capacity and 
can be damaging for the system, it ensures photoprotection in which excess energy is dissipated 
as heat to avoid formation of harmful radicals (Muller et al., 2001; de Bianchi et al., 2010). This 
process is known as Non-photochemical quenching (NPQ). 
In Chlamydomonas reinhardtii nine genes (LhcbM1-M9) encode for LHCII proteins. Two minor 
antennas, CP26 and CP29, are present while CP24 was not found in the genome of this alga 
(Elrad and Grossman 2004; Minagawa and Takahashi 2004; Merchant et al., 2007). The LhcbM 
gene  products  have  been  divided  in  four  groups  based  on  the  sequence  similarity:  Type  I 
(LhcbM6, LhcbM4, LhcbM3, LhcbM8, and LhcbM9), Type II (LhcbM5), Type III (LhcbM2 and 
LhcbM7), and Type IV (LhcbM1) (Teramoto, Ono et al. 2001; Minagawa and Takahashi 2004).   71 
Within the three Types, these proteins have a very high homology, i.e. sequence analysis of 
the Type I (LhcbM4, LhcbM6 and LhcbM8) or Type III (lhcbM2 and LhcbM7) proteins shows 
99% identity. The average sequence identity between the Types is lower. Homology between 
LhcbM6 (Type I) and LhcbM5 (Type II), LhcbM2 (type III), LhcbM1 (type IV) is 80%, 77%, 
and 74%, respectively (Minagawa and Takahashi 2004). Studies on the specific functions of 
these complexes are available only for LhcbM2/7, LhcbM5 and LhcbM1 (Elrad et al., 2002; 
Takahashi et al., 2006; Ferrante et al., 2012) and suggest that the first two are involved in state 
transitions while LhcbM1 is important for NPQ.  
The structures of several PSII components, including the cyanobacterial core (Guskov et al., 
2009; Umena et al., 2011), the plant LHCII trimer (Kühlbrandt et al., 1994; Liu et al., 2004; 
Standfuss et al., 2005) and the monomeric complex CP29 (Pan et al., 2011) have been resolved 
at  intermediate/high  resolution.  Information  about  the  organization  of  the  PSII-LHCII 
supercomplexes  has  been  obtained  by  electron  microscopy  and  single  particle  analysis 
(Boekema et al., 1999; Nield et al., 2000; Yakushevska et al., 2001; Yakushevska et al., 2003; 
Caffarri, Kouril et al. 2009; Tokutsu et al., 2012) and at present the best map has a maximal 
resolution of 12 Å (Caffarri et al., 2009). The LHCII trimers associated with the core can be 
distinguished in three types, based on their position in the PSII supercomplex and their strong 
(S), moderate (M) or loose (L) association with the core (C) (Boekema et al., 1999). The 
C2S2M2  supercomplex  is  the  largest  PSII-LHCII  observed  in  Arabidopsis thaliana  and  it  is 
composed of a dimeric core (C2), two LHCII-S trimers, interacting directly with the core and 
with CP29 and CP26, and two M-trimers, which are associated with the core via CP29 and 
CP24 (Boekema et al., 1999; Nield et al., 2000; Yakushevska et al., 2003; Dekker and Boekema 
2005; Caffarri et al., 2009). The position of the loosely bound trimers L is still unclear and 
complexes containing one L trimer have been observed in only spinach (Boekema et al., 1999).  
In C.r. a complex with C2S2 organization was reported (Nield et al., 2000; Iwai et al., 2008), as 
expected based on the absence of CP24, which in higher plants is essential for connecting 
trimer M to the core (Kovacs et al., 2006; de Bianchi et al., 2008). However, recently larger 
PSII supercomplexes with up to 6 trimers per dimeric core were observed (Tokutsu et al., 
2012), showing that not only the absence of CP24 does not influence the association of timer M 
with the supercomplex, but also that an additional timer is associated with the supercomplex on 
the side that in plants is occupied by CP24.  
In  order  to  obtain  further  information  about  the  antenna  complexes  of  PSII  and  their 
supramolecular organization in Chlamydomonas reinhardtii we have isolated different PSII sub- 
and  supercomplexes.  These  complexes  were  characterized  by  combining  data  from 
biochemistry, spectroscopy and single particle electron microscopy. The analysis reveals the 
structural organization of the PSII-LHCII and allows discussing the position of individual LHCII 
trimer and their role in the assembly and functioning of the supercomplex. 
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MATERIAL AND METHODS 
Strain and growth conditions 
Cells from Chlamydomonas reinhardtii strain (JVD-1B[pGG1]) in which a hexa-histidine tag has 
been added at the N-terminus of PsaA core subunit of PSI (Gulis et al., 2008) were grown in 
Tris-Acetate-Phosphate  (TAP)  medium  (Gorman  and  Levine  1965)  at  room  temperature 
(25°C)  on  an incubator  shaker (Minitron,  INFORS  HT)  at  170  rpm  under  a  continuous 
illumination flux of 20 µmol photons PAR m
-2 s
-1. 
Thylakoids preparations 
Cells were harvested by centrifugation (3500 rpm, 5 min, 4°C) in the mid-logarithmic phase 
(OD750nm ≈ 0.7). C.r.thylakoid membranes were prepared under dim light in cold room as 
described in (Fischer et al., 1997) with modification from (Drop et al., 2011). PSII enriched 
membranes (BBY) from Arabidopsis thaliana were prepared according to (Berthold et al., 1981) 
with the modifications reported in (Caffarri et al., 2009).   
Isolation of PSII light-harvesting antenna complexes 
PSII supercomplexes isolation was modified from (Drop et al., 2011). Thylakoids were pelleted, 
unstacked with 5 mM EDTA and washed with10 mM Hepes (pH 7.5). Membranes were then 
resuspended  in  20  mM  Hepes  (pH  7.5),  0.2  M  NaCl  and  solubilized  at  final  chlorophyll 
concentration of 0.5 mg/ml by adding an equal volume of 0.6% α-dodecylmaltoside (α-DM). 
Unsolubilized material was eliminate by centrifugation (12,000 rpm for 10 min at 4°C). 
To remove his-tagged PSI complexes from the preparation, the supernatant was loaded onto a 
HisTrap HP Column (GE Healthcare) equilibrated with 20 mM Hepes (pH 7.5), 0.2 M NaCl, 
0.03% α-DM. Unbound, PSI-depleted, fraction (flow through) was loaded on a sucrose density 
gradient (prepared by freezing and thawing 0.5 M sucrose, 10 mM Tricine (pH 7.8), 0.03% α-
DM  buffer  layered  over  1ml  of  2M  sucrose).  PSII  complexes  were  separated  by 
ultracentrifugation (41,000 rpm, 14 h, 4°C). The green bands of the sucrose gradient were 
harvested with a syringe. 
The purification of PSII supercomplexes from A.t., was performed in the same conditions used 
for the purification of the C.r. PSII supercomplexes, with the difference that upon solubilization 
the membranes (BBY) were directly loaded on the sucrose gradient. 
The isolation of PSI-LHCI complex from C.r. was described previously (Drop et al., 2011).  
Gel electrophoresis 
Proteins were analyzed by a SDS-6M urea PAGE with Tris-sulphate buffer system prepared as 
in (Bassi 1985) at 14% acrylamide concentration. The amounts of sample loaded into each well 
were: 3 µg (in Chls) for thylakoids; 2.5 µg for PSII supercomplexes and PSI-LHCI; 1.5 µg for 
lhcb fractions. The gel was stain with coomassie dye and after de-staining the gel image was 
recorded with an ImageQuant LAS-4000 (GE Healthcare).    73 
Pigment composition 
The chlorophyll concentrations of thylakoid preparations were calculated in 80% (v/v) acetone, 
according to (Porra et al., 1989). 
The pigment composition of the complexes was analyzed by fitting the spectrum of the 80% 
acetone extracted pigments with the spectra of the individual pigments in acetone and by HPLC, 
as  described  previously  (Croce  et al.,  2002).  As  shown  in  (Angeler  and  Schagerl  1997) 
loroxanthin was eluted just after neoxanthin, but in our experimental setups the separation of 
these two was not possible. Both carotenoids resulted in single peak. The data are the results of 
at least four different preparations in two replicas.  
Spectroscopic analysis 
Room temperature absorption spectra were recorded with a Cary 4000 spectrophotometer 
(Varian). The absorption spectra of the same green band fractions of sucrose gradient from 
different preparations were identical, which indicate the high reproducibility of the purification 
procedure. 
The fluorescence emission spectra were recorded  at 5°C and low temperature (77K) using a 
Fluorolog 3.22 spectrofluorimeter (Jobin Yvon-Spex). For 77K measurements a home built 
liquid nitrogen cooled device was used. The excitation wavelengths were 440 nm, 475 nm and 
500 nm and emission was detected in the 600-800 nm range. Excitation and emission slits 
bandwidth were set to 3 nm. All fluorescence spectra were measured at OD 0.05 at the 
maximum of the Qy absorption. Room temperature measurements were performed in 0.5 M 
sucrose, 10 mM Tricine (pH 7.8), 0.03% α-DM buffer. For low-temperature measurements 
samples were in 66.7% glycerol (w/v), 10 mM Tricine (pH 7.8), 0.03 % α-DM buffer. 
Electrochromic shift (ECS) 
PSI/PSII  ratio  of  Chlamydomonas  cells  was  measured  with  a  Joliot-type  spectrophotometer 
(Joliot  and  Delosme  1974)  (Bio-Logic  SAS  JTS-10)  as  described  previously  (Petroutsos, 
Terauchi et al., 2009; Bailleul et al., 2010). A PSI/PSII ratio of 0.97 was obtained. 
Electron microscopy and single particle analysis 
Samples were negatively stained using the droplet method with 2% uranyl acetate on glow 
discharged  carbon-coated  copper  grids.  Electron  microscopy  was  performed  on  a  Philips 
CM120 electron microscope equipped with a LaB6 filament operating at 120 kV. Images were 
recorded with a Gatan 4000 SP 4K slow-scan CCD camera at either 130000 × magnification at 
a pixel size (after binning the images) of 2.25 Å, respectively, at the specimen level with 
GRACE software for semi-automated specimen selection and data acquisition (Oostergetel  et 
al.,  1998).  Single  particle  analysis  was  performed  using  GRIP  software  including  multi-
reference and non-reference alignments, multivariate statistical analysis, and classification, as in 
(Boekema et al., 1999).   74 
To determine the angles of rotation of trimers: 1) in GRIP, all three trimers were selected at 
their midpoints, boxed out of the complex projections and aligned to their 3-fold average 
rotated projections before aligning with S-trimer as reference, and 2) In comparison, Microsoft 
(PowerPoint) was used to draw a contour object (triangle) around the reference trimer. Copies 
of this triangle were then rotated to align with the other trimers and the angle by which the 
triangle was rotated was determined in the program. 
To model the supramolecular organization of the supercomplex, the available crystal structures 
of the cyanobacterial PSII core (Umena et al., 2011) (3ARC), LHCII trimer (Liu et al., 2004) 
(1RWT) and CP29 (Pan et al., 2011) (3PL9) were used. This was done using Pymol model to 
render an aligned complex model.  
 
RESULTS 
Isolation of PSII supercomplexes 
To purify the PSII-LHCII complexes of C.r., the procedure described before for higher plants 
(Caffarri et al., 2009) was modified. Because it is not possible to prepare grana membranes 
from C.r., since the presence of PSI interferes with the purification of PSII supercomplexes, we 
have used a strain carrying a hexa-histidine tag at the N-terminus of the core subunit PsaA 
(Gulis et al., 2008; Drop et al., 2011). The thylakoid membranes purified from this strain were 
mildly solubilized to keep the large PSII supercomplexes intact and loaded on a Ni-Sepharose 
column,  to  eliminate  PSI.  To  obtain  homogeneous  preparations  of  PSII  sub-  and 
supercomplexes with different antenna sizes, the fraction that did not bind to the column (flow 
through) was subjected to sucrose density gradient ultracentrifugation. The gradient separation 
resulted in one yellow (B1, containing free pigments), eight green bands (B2–B9), containing 
protein-chlorophyll complexes, and a fraction of partially unsolubilized material laying on top 
of the 2M sucrose solution (B10) (Fig. 1A). The bands pattern was very similar to that obtained 
from  the  solubilization  of  the  grana  membrane  of  Arabidopsis thaliana,  characterized  before 
(Caffarri et al., 2009), indicating the presence of PSII sub- and supercomplexes. The exception 
was  the  absence  in  C.r.  of  the  band  corresponding  to  the  A.t.  band  containing  the 
CP24/CP29/LHCII-M complex. However, this difference was expected due to the absence of 
CP24 in C.r.  
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Figure 1. Panel A: Fractionation of PSII sub/super-complexes by sucrose density gradient. Panel 
B: SDS-PAGE analysis of fractions B2–B9 from sucrose gradient.  
 
The polypeptide composition of fractions B2-B9 was analyzed by SDS-PAGE (Fig. 1B), showing 
the presence of PSII components in all fractions. Fraction B2, which corresponds to monomeric 
Lhcb, contains CP26 and CP29, and LHCII, while fraction B3 contains the trimeric complexes. 
It was suggested that the trimeric form of C.r. LHCII is less stable than that of plants and may 
partly dissociate into monomers upon treatment with detergents (Bassi and Wollman 1991). 
This can explain the high content of LHCII in fraction B2 and the higher abundance of B2 
compared to B3 (Fig. 1AB). However, it should be noted that when solubilized thylakoids were 
directly loaded on the sucrose gradient the fraction of trimers was far more abundant than that 
of monomers (data not shown) indicating that although less stable practically all LhcbMs are 
present as trimers in the membrane.  
The polypeptide composition of fraction B4 revealed the presence of PSII core subunits but also 
of LHCII and CP29. It is clear that the antenna present in this band cannot be associated with 
the core because the molecular weight of this band corresponds to that of PSII core monomer. 
This suggests that the monomeric core co-migrates with an oligomer of antenna complexes. In 
A.t. a complex composed of CP24/CP29/LHCII-M could be purified. In C.r. CP24 is absent 
but its position in the supercomplex is occupied by a LHCII trimer (Tokutsu et al., 2012). It 
might thus be possible that a complex composed of CP29 and 2 LHCII trimers is stable enough 
to survive solubilization. The molecular weight of this complex would indeed be comparable to 
that of the monomeric core. In contrast to B4, in fraction B5 the amount of CP29 was reduced, 
but  that  of  CP26  increased  significantly.  PSII  subcomplex  in  B5  might  consist  of  PSII 
monomeric  core/LHCII-S/CP26  (CS/CP26),  as  was  reported  before  for  higher  plants 
(Caffarri et al., 2009). The gel analysis of fractions B4 and B6 showed the presence of LHCI 
antenna indicating that these fractions are contaminated with PSI sub- and super-complexes,   76 
which are indeed expected to migrate in these positions (Drop et al., 2011). Due to their 
heterogeneous content bands B4-B6 were thus not analyzed further.  
The protein composition of B7, B8 and B9, which correspond to PSII supercomplexes, was 
very  similar,  while  the  ratio  between  PSII  core  subunits  (CP47  and/or  CP43)  and  Lhcb 
subunits decreased going from B7 to B9, in agreement with an increased antenna size. 
Electron microscopy and single-particle analysis 
To determine the structural organization of PSII-LHCII and to understand how the molecular 
design affects assembly and function of C.r. PSII supercomplexes, electron microscopy and 
single particle analysis were performed. 
The analysis of about 50,000 projections from fractions B7, B8 and B9 yielded six types of 
supercomplexes (Fig. 2AB), in which the dimeric PSII core complex (C2) was associated with a 
variable number of LHCII trimers. Two LHCII trimers occupied positions equivalent to those 
of the S- and M- trimers in the C2S2M2 supercomplex of A.t. (Caffarri et al., 2009), while the 
third trimer was located in the position that in A.t. is occupied by CP24 as observed before 
(Tokutsu et al., 2012). Because this trimer was directly associated with the PSII core, without 
involvement of any monomeric antenna, it is named trimer-N (naked). We prefer this notation 
compared to “trimer L” for two reasons: (i) trimer L has been observed only in spinach where it 
occupied a different position; (ii) “L” is short for “loosely bound” (Boekema et al., 1999), which 
is  not  completely  appropriate  for  this  trimer  because  its  association  to  the  supercomplex 
survives purification.  
 
Figure  2.  Panel  A:  EM  analysis  of  the  C.r. PSII  supercomplexes  obtained  from  fractions  B7–9. 
Averaged projection maps of PSII particles obtained by single particle averaging of about 50,000 
projections.  (A)  C2S2M2N2  particle,  sum  of  128  projections.  (B)  C2S2MN  particle,  sum  of  5000 
projections. (C) C2SMN particle, sum of 2000 projections. (D) C2S2 particle, sum of 1024 particles. 
(E) C2S, sum of 512 (F) C2 core sum of 128.  Notes: the map of frame B has been high-pass filtered to 
enhance the fine features of image processing. A two-fold rotational symmetry was imposed after 
processing on the map of frame A. Spacebar for all frames equals 10 nm. Panel B: Numbers of 
projections analyzed from fractions B7, B8 and B9.   77 
Fractions B7 and B8 contain mainly PSII dimeric core complex with one S trimer (C2S) and two 
S trimers (C2S2) respectively. Fraction B9 contains three types of PSII-LHCII particles, which 
beside LHCII-S and LHCII-M also include LHCII-N trimers: C2SMN, C2S2MN and the largest 
complex composed of 6 LHCII trimers surrounding the core – C2S2M2N2. If we consider all the 
particles from the data set and not only those added in the final figures because of their good 
image quality, the ratio of the three largest particles in B9 was about 4.5:4:1. This means that in 
the lower band(s) the average number of trimers per dimeric core complex is about 3.7. 
The projection of the C2S2MN supercomplex was obtained at 13 Å resolution. This allows to 
identify the major structural features of the individual complexes and to use them to fit the 
high-resolution structures of LHCII (Liu et al., 2004), CP29 (Pan et al., 2011) and PSII core 
(Umena  et al.,  2011)  into  the  projection  map  of  the  particle.  The  obtained  model  of  the 
supramolecular organization of the PSII supercomplex is shown in figure 3B and compared with 
the C2S2M2 supercomplex of Arabidopsis. 
 
Figure  3.  Model  of  the  C.r.PSII-LHCII  supercomplex  at  13  Å  resolution.  Panel  A:  Top  view 
projection map of the C2S2MN supercomplex obtained from single particle electron microscopy. 
Position of the centers of the S, M and N trimers is indicated by an asterix. Panel B: Assignment of 
the subunits in the supercomplex by fitting the high-resolution structures of PSII core (Umena et 
al., 2011) (in lime green), trimeric LHCII-S and LHCII-M (in brown), novel LHCII-N (in red) and 
monomeric Lhcb (in magenta) (Liu et al., 2004), and CP29 (Pan et al., 2011). Panel C: The C2S2M2 
PSII-LHCII supercomplex from A.t. (modified from Kouril et al., (2012)) shown at the same scale 
for  a  direct  comparison.  Components  at  similar  positions  have  been  indicated  with  the  same 
colour; the additional CP24 subunit and the differently positioned M trimer are in green colours. 
 
The comparison of the projection maps of PSII-LHCII of Chlamydomonas and Arabidopsis suggests 
that CP26 and CP29 occupy the same positions, with CP26 located close to CP43 and CP29 
next to CP47 (Boekema et al., 1999; Yakushevska et al., 2003; Caffarri et al., 2009). Trimer S 
is also located in the same position and it has the same orientation in respect to the core in the 
two  supercomplexes.  This  is  not  the  case  for  trimer  M,  which  in  C.r.  is  rotated  by  45° 
compared to its orientation in A.t. N-trimer is associated with the core, CP29 and trimer M and 
it is rotated of 25° with reference to trimer S (Fig. 4B). These values have a precision of about 
5-10° because the trimer features are not precisely outlined by the uranyl acetate negative stain.    78 
 
Figure 4. Panel A: Model of the structure of the C.r. PSII-LHCII supercomplex. The model has 
been  assembled  based  on  the  projection  map  in  figure  2  using  the  crystal  structures  of  the 
cyanobacterial PSII core (Umena et al., 2011) (3ARC), LHCII trimer (Liu et al., 2004) (1RWT) and 
CP29  (Pan  et al.,  2011)  (3PL9).  For  CP26,  the  structure  of  a  monomeric  LHCII  has  been  used. 
Proteins of the PSII core (lime green), LHCII -S and -M (brown), novel LHCII-N (red), CP29 and 
CP26 (magenta), Chls a (cyan), Chls b (green),  Neoxanthin (yellow spheres), Lutein L1 (orange), 
Lutein L2 (dark-yellow sticks). Panel B: Presentation of LHCII-S, LHCII-M and LHCII-N trimers 
selected from the C.r.C2S2MN PSII supercomplex to determine their rotated orientations. S-trimer 
orientation was used as a reference. 
 
Spectroscopic characterization 
The  absorption  spectra  of  fractions  B2-B9  were  measured  at  room  temperature  and  are 
presented in figure 6.  
 
 
Figure 6. Absorption spectra at room temperature of the fractions from sucrose gradient. The 
spectra  were  normalized  to  the  maximum  absorption  of  the  Qy region.  Panel  A:  Absorption 
spectra of fractions B2 and B3. Panel B: Comparison of the absorption spectra of C.r.LHCII and 
A.t.LHCII trimers.  C: Absorption spectra of fractions B7-B9. 
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The spectra of fractions B2 and B3 (Fig. 6A) showed maxima at 672 nm and at 670 nm 
respectively. Interestingly the absorption maximum of the Cr. LHCII trimer is 4 nm blue 
shifted compared to the complex of higher plants (Fig. 6B) and shows more intense absorption 
around 650–653 nm, in agreement with the lower Chl a/b ratio.  
The absorption spectra of fractions B7-B9 (Fig. 6C) showed maxima at 675 nm. A relative 
increase of intensity of the absorption in the Chl b region (630-660 nm) was observed going 
from B7 to B9 (Fig. 6C), in agreement with the increased antenna size of the supercomplexes.  
To check the integrity of PSII supercomplexes, the fluorescence spectra from fractions B7-B9 
were measured at 5°C (Fig. 7A). The maximum emission for all fractions was at 678 nm. The 
perfect overlapping of the emission spectra after excitation at 440 nm, 475 nm and 500 nm, 
which  excite  preferntially  Chl  a,  Chl  b  and  carotenoids,  indicates  that  there  are  no  free 
pigments in these fractions. In figure 6A only the emission spectra of B9 are shown, but the 
results were very similar for all fractions. 
 
  
Figure 7. Fluorescence emission spectra of the PSII-LHCII supercomplexes. Panel A: Fluorescence 
emission  spectra  of  PSII-LHCIIsupercomplex  from  B9  fraction  recorded  at  5°C.  Panel  B:  Low 
temperature  (77K)  fluorescence  emission  spectra  of  PSII-LHCII  supercomplexes  (B8-B9)  and 
C.r.LHCII trimers (B3) excited at 440 nm.  
 
Low temperature (77K) fluorescence emission spectra showed a major peak at 676 nm in all 
three fractions (Fig. 7B). As an interesting feature to note, the emission spectrum of C.r.LHCII 
was broader than the emission spectra of the C.r.PSII-LHCII supercomplexes. 
 
DISCUSSION 
 
In the Cr.PSII supercomplex a LHCII trimer (LHCII-N) substitutes CP24 and stabilizes 
the binding of trimer M (and the other way around).  
Early work comparing a PSII supercomplex isolated from C.r. with the C2S2 supercomplex of 
spinach showed high similarity in shape and size (Nield et al., 2000). This together with the fact 
that CP24, which is essential for the binding of trimer M (Kovacs et al., 2006; de Bianchi et al.,   80 
2008; Caffarri et al., 2009), is absent in Chlamydomonas, led to the conclusion that the PSII 
supercomplex  of  C.r.  is  organized  as  C2S2.  Recently,  larger  complexes  were  observed 
containing a novel trimer (here called N) in addition to trimers S and M (Tokutsu et al., 2012). 
In our study, the EM analysis of isolated C.r. PSII supercomplexes (B7-B9) showed that they 
were present in C2S2M2N2, C2S2MN, C2SMN and C2S2 configurations, while differently from 
higher  plants,  no  C2S2M,  C2SM,  C2S2M2  or  C2M  (Caffarri  et al.,  2009)  could  be  found. 
Apparently, the lack of the neighboring N-trimer strongly influences the binding of LHCII-M, 
as does CP24 in plants. Indeed in higher plants a complex composed of CP24/CP29/LHCII 
could be isolated (Caffarri et al., 2001), indicating that the association between these proteins is 
stronger than between them and the core. The CP24/CP29/LHCII complex is obviously not 
present  in  C.r.,  but  the  analysis  of  the  sucrose  gradient  bands  indicates  the  presence  of  a 
CP29/LHCII-M/LHCII-N complex. This suggests that the connection of trimers N and M is 
stronger  than  their  association  with  the  core  and  might  also  explain  why  after  detergent 
solubilization only C2S2 could be detected in early works (Nield et al., 2000; Iwai et al., 2008). 
These results point out that the idea that CP24 has evolved in land plants to increase the 
antenna size of PSII should be reconsidered because PSII-LHCII of Chlamydomonas is clearly 
larger than the largest supercomplex of plants. It has been shown that under high light stress 
CP24 and LHCII-M dissociate from the supercomplex (Betterle et al., 2009). It is thus likely 
that CP24 (and Lhcb3) has evolved not to make the antenna size of PSII larger, but more 
flexible, allowing for a fast regulation of the antenna size connected the PSII reaction center.   
 
Energy transfer in PSII-LHCII of Chlamydomonas reinhardtii 
The role of LHCII is to absorb light and to transfer excitation energy to the reaction center 
where charge separation occurs. The connection of LHCII trimers with the core is thus essential 
in assuring efficient energy transfer. In plants it has been shown that the overall trapping time in 
the PSII supercomplex is 140 ps (Caffarri et al., 2011) and that this very fast transfer is probably 
due to the presence of preferential energy transfer pathways between complexes involving 
mainly  Chls  a  (Croce  and  van  Amerongen  2011).  The  reconstituted  structure  of  the  PSII 
supercomplex gives the possibility to point out preferential energy transfer pathways also in this 
complex,  based  on  the  organization  of  the  Chls  in  the  supercomplex.  The  model  of  the 
supercomplex shows that the relative orientation of the trimer S is identical to that in higher 
plants, which means that Chl 610-611-612 (which are the lowest energy chlorophylls, (Remelli 
et al., 1999; van Grondelle and Novoderezhkin 2006)) of one monomer of LHCII face Chl 633 
of the core, allowing for rapid energy transfer. The orientation of trimer M seems to be 
different from that of plants. The chlorophylls directly facing CP29 are Chls a 610 and 604, 
while Chls 611 and 612 of a different monomer are facing trimer N. In the case of trimer N the 
shorter distance with the core (around 20 Å) is between Chls 611 and 612 of one LHCII trimer 
and Chl 612 of the core.  In conclusion, also in the case of Chlamydomonas the lowest energy 
Chls  seem  to  be  involved  in  the  transfer  from  one  complex  to  the  other,  although  the 
connection between trimer M and CP29 is involving Chl 610 instead of Chls 611 and 612 as in 
plants.    81 
The  thylakoid  membrane  of  Chlamydomonas  reinhardtii  harbors  at  least  6  LHCII 
trimers per monomeric core complex 
The fraction containing the largest PSII supercomplex has a Chl a/b ratio of 2.22, in good 
agreement  with  the  presence  of  3.7  trimers  in  average  per  dimeric  core  complex  in  this 
fraction. This number is very close to that of the Chl a/b ratio of the C.r.cells which is 2.28. In 
our C.r.cell PSI is present in a 1:1 stoichiometry with PSII, in agreement with previous studies 
(Melis  et al.,  1996;  Polle  et al.,  2000;  Petroutsos  et al.,  2009;  Yan  et al.,  2011))  and  it 
coordinates around 240 Chls (196 Chla and 44 Chlb, Drop et al., (2011)). To explain the low 
Chl  a/b  ratio  of  the  cell,  extra  LHCII  trimers  should  be  present  in  the  photosynthetic 
membrane of Chlamydomonas. The number can be roughly calculated on the basis of the pigment 
stoichiometry of core and PSII antennas (Hogewoning et al., 2012). We have used a value of 
1.28 for the Chl a/b of all antenna complexes, although it is probably on the low side for CP29 
and CP26, which simply means that we possibly underestimate the number of LHCII trimers. 
Despite this, the result suggests the presence of 3-4 additional LHCII trimers per monomeric 
core, making the light harvesting capacity of C.r. far larger than that of plants, in which a 
maximum of 4.5 LHCII trimers was observed (Peter and Thornber 1991; van Oort et al., 
2010).  Where  are  the  additional  trimers  located?  Looking  at  the  structure  of  the  PSII 
supercomplex it is clear that there is space at most for one extra trimer associated with the 
core. The tighter possible organization of the PSII supercomplexes of Chlamydomonas is shown in 
figure 9 and indicates that distinct from the case of plants the dimeric cores cannot be directly 
connected but are separated by a minimum of one row of LHCII. In this case trimer N would 
be able to transfer energy to two different core complexes.  
It  remains  to  be  elucidated  if  the  “extra”  trimers  are  located  in  between  the  PSII 
supercomplexes and if they are at least in part associated with PSI in all conditions, as in plants 
(Wientjes et al., 2013)  or form LHCII-only domains.  
 
Figure 9. Model of the organization of the PSII-LHCII supercomplexes of Chlamydomonas. 
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“As it is improbable that the numerous and unimportant points of resemblance between the several races of 
man in bodily structure and mental faculties ... should all have been independently acquired, they must 
have been inherited from progenitors who had these same characters.” 
- Charles Darwin, The Descent of Man (1871).
CHAPTER 6. THE COMPOSITION AND STRUCTURE OF PHOTOSYSTEM I 
IN THE MOSS PHYSCOMITRELLA PATENS   84 
ABSTRACT 
  
Recently Bryophytes which diverged from the ancestor of seed plants more than 400 million years ago came 
into  focus  of  photosynthesis  research  since  they  can  provide  valuable  insights  into  the  evolution  of 
photosynthetic complexes during the adaptation to terrestrial life. We isolated intact photosystem I (PSI) 
with its associated light-harvesting complex (LHCI) from the moss Physcomitrella patens and characterized 
its  structure,  polypeptide  composition  and  light-harvesting  function  using  electron  microscopy,  mass 
spectrometry, biochemical and physiological methods. It became evident that Physcomitrella possesses a 
strikingly high number of isoforms for the different PSI-core subunits as well as LHCI proteins. We could 
demonstrate that all those different subunit isoforms are expressed on the protein level and are incorporated 
into functional PSI-LHCI complexes. Furthermore, in contrast to previous reports, we could show that 
Physcomitrella assembles a light-harvesting complex consisting of four light harvesting proteins forming a 
higher plant like PSI superstructure.   85 
 
INTRODUCTION 
Photosystem  I  (PSI)  catalyzes  the  light-driven  electron  transport  from  plastocyanin  in  the 
thylakoid lumen to NADP+ in the stroma. It is composed of a core complex responsible for 
charge separation and the first steps of electron transport and a peripheral antenna system, 
which are involved in light harvesting and transfer of excitation energy to the reaction center 
(Busch and Hippler, 2011; Jensen et al., 2007). In plants, PSI is a monomer consisting of at 
least 16 different proteins to which four peripheral light-harvesting proteins (Lhca1 to Lhca4) 
are attached in a crescent at the PsaF/PsaJ side of the core complex (Amunts and Nelson, 2009).  
Throughout  the  evolution  from  cyanobacteria  towards  higher  plants  the  reaction  center 
remained largely conserved with changes only in regards to a few small peripheral subunits. 
While  the  subunit  PsaX  is  only  present  in  thermophilic  cyanobacteria  and  PsaM  in 
cyanobacterial and red algal PSI they are absent in higher plants (Vanselow et al., 2009). On the 
other hand subunits like PsaG, -H, -N and -O were acquired in order to accommodate the main 
structural changes from trimeric to a monomeric PSI and the acquisition of an external antenna 
system  (Amunts  and  Nelson,  2009).  The  extrinsic  PSI  antenna  system  is  more  variable, 
reflecting the different environmental conditions photosynthetic organisms thrive in. While the 
higher plant crystal structure only shows four different light-harvesting proteins associated with 
PSI (Ben-Shem et al., 2003) two additional Lhca proteins – Lhca5 and 6, have been identified in 
Arabidopsis thaliana (hereafter Arabidopsis) (Jansson, 1999). However, both are expressed only 
on a very low level (Klimmek et al., 2006) and solid biochemical data only exist for Lhca5, 
which was shown to bind to PSI in sub-stoichiometric amounts in Arabidopsis (Ganeteg et al., 
2004).  Recently,  Lhca5  and  6  have  been  implicated  in  the  NAD(P)H  dehydrogenase-PSI 
supercomplex  formation,  which  is  involved  in  cyclic  electron  transfer  (Peng  and  Shikanai, 
2011). 
Research on the structure and function of PSI so far has mainly focused on cyanobacteria, algae 
(diatoms, green and red algae) and higher plants. Only recently have Bryophytes (mosses, 
liverworts and hornworts), which diverged from the ancestor of seed plants more than 400 
million years ago (Falkowski, 2006), come into focus since they represent the transition from 
aquatic to terrestrial life. Analyzing the structure and function of the photosynthetic machinery 
in a moss such as Physcomitrella patens (hereafter Physcomitrella) can provide valuable insights into 
the evolution of the system during the adaptation to a terrestrial environment. Not only its 
evolutionary position but also its remarkable resistance against various abiotic stresses such as 
salt,  drought,  osmotic  stress  and  UV  radiation  made  the  moss  Physcomitrella  an  interesting 
model organism to identify new stress tolerance genes (Frank et al., 2005; Wolf et al., 2010).  
Its evolutionary intermediate position is clearly reflected within the photosynthetic machinery 
and was demonstrated recently with the analysis of the non-photochemical quenching (NPQ) 
mechanism in the moss (Alboresi et al., 2010; Gerotto et al., 2011). Excess absorbed light 
energy is dissipated thermally, which regulated by an ancient light harvesting protein (LhcSR) 
in green algae (Peers et al., 2009). However during evolution towards higher plants this protein 
got lost and functionally replaced by the PsbS protein (Koziol et al., 2007).  Since Physcomitrella   86 
possesses  both  proteins  (LhcSR  and  PsbS)  it  is  evident  that  Physcomitrella  represents  an 
intermediate between algae, which employ LhcSR proteins for photo-protection and higher 
plants which rely on the function of PSBS and has lost the LhcSR genes.  
Previous analysis of Physcomitrella's photosynthetic machinery focused on the antenna system 
and  their  photo-protective  mechanisms  (Alboresi  et  al.,  2010;  Gerotto  et  al.,  2011). 
Interestingly,  a  considerable  higher  number  of  chlorophyll  a/b  binding  (Cab)  proteins  in 
Physcomitrella compared to Arabidopsis has been identified in a bioinformatics study (Alboresi et 
al., 2008), which confirmed earlier studies by Hofmann and colleagues (Hofmann et al., 1999). 
Surprisingly, it was found that an ortholog of Lhca4 was absent in Physcomitrella, which resulted 
in a PSI-LHCI complex with a blue shifted 77K fluorescence emission spectra due to the lack of 
the red chlorophyll bound to Lhca4 (Alboresi et al., 2008). Based on results obtained from 
native gel electrophoresis it was consequently proposed that Physcomitrella possesses a smaller 
PSI-LCHI complex compared to Arabidopsis (Alboresi et al., 2008). However, up to now no 
further evidence for this assumption has been provided. In this report, we provide a detailed 
study  of  the  entire  PSI-LHCI  complex  of  Physcomitrella  including  composition  of  the  core 
complex.  For  this  we  employed  careful  preparation  of  thylakoids  and  pigment-protein 
complexes, which we analyzed with mass spectrometry, spectroscopic methods, single particle 
EM imaging as well as biochemical assays to provide a comprehensive characterization of the 
PSI-LHCI structure, composition and function. 
 
 
MATERIALS AND METHODS 
 
Plant Material and Growth Conditions 
Physcomitrella patens (Hedw.) ecotype Grandsen (Ashton and Cove, 1977) was grown at 22°C on 
cellophane discs placed on solid minimal medium (Ashton et al., 1979), supplemented with 0.5 
g/l ammonium tartrate. Standard irradiance conditions were 50 µmol photons m–2 s–1 white 
light for 16h and 8h darkness. Cultures were overlaid with filter foil to shift into state 1 (filter 
27, medium red, >600nm, preferentially exciting PSI, Lee Filters, Hampshire, UK) or state 2 
(filter 183, moonlight blue, <550nm, preferentially exciting PSII, Lee Filters).  
Preparation of thylakoid membranes and isolation of photosystem I 
10-14 days old protonema was harvested, flash frozen in liquid nitrogen and stored at -80°C 
until  further  use.  Crude  thylakoids  were  isolated  as  described  in  (Haldrup  et al.,  1999). 
Protonemal  tissue  was  disrupted  in  homogenization  buffer  using  a  homogenizer  (Polytron 
PT3000,  Kinematica  Brinkman)  or  a  pre-chilled  mortar  and  pestle.  Further  cleanup  of 
thylakoids  followed  a  modified  protocol  of  (Chua  and  Bennoun,  1975).  Thylakoids  were 
resuspended in 12 ml H3 (1.8 M sucrose, 5 mM Tricine pH 7.5, 10 mM EDTA), which was 
overlaid by 12 ml H4 (1.3 M sucrose, 5 mM Tricine pH 7.5, 10 mM EDTA) and 12 ml H5 
(0.5 M sucrose, 5 mM Tricine pH 7.5, 10 mM EDTA). After centrifugation (SW28 rotor,   87 
24000  rpm,  1h,  4°C)  thylakoids  accumulated  at  the  H3/H4  interphase.  Thylakoids  were 
collected, diluted with 5 mM Tricine pH 7.5 and pelleted (20000xg, 4°C, 10 min). The 
resulting pellet was resuspended in a small volume of homogenization buffer without ascorbate 
and BSA but with 20% glycerol (v/v) and stored at -80°C. For analysis of the phosphorylation 
status of thylakoids all buffers where supplemented with 10 mM NaF and 1 mM Na3VO4. 
PSI was isolated according to (Mullet et al., 1980) with few modifications. Thylakoids were 
resuspended in solubilization buffer (20 mM Tricine pH 7.5, 10 mM EDTA, 0.7% Ќ-D-
dodecyl-maltoside)  to  a  final  chlorophyll  concentration  of  0.8  µg/µl.  The  samples  were 
incubated  on  ice  for  15  min  with  occasional  gentle  mixing.  After  centrifugation  (5  min, 
16000xg, 4C) the supernatant was loaded onto a linear sucrose gradient (0.4 to 0.85 M 
sucrose,  20  mM  Tricine  pH  7.5,  0.06%  Ќ-D-dodecyl-maltoside).  After  centrifugation 
(SW41Ti rotor, 34000 rpm, 16-18h, 4°C) the PSI was retrieved with a syringe and stored at -
80°C. 
Chlorophyll Determination 
Total chlorophyll was determined in 80% acetone according to (Lichtenthaler, 1987).  
Immunoblot Analysis 
Criterion XT 12% Bis-Tris gels and MES buffer (Bio-Rad Laboratories, Hercules, CA, USA) 
were used to separate the proteins and followed by transferring electrophoresed proteins to 
nitrocellulose  membranes.  Antibodies  were  detected  using  a  chemiluminescent  detection 
system (SuperSignal®, Thermo Scientific, Rockford, USA) according to the instructions of the 
manufacturer. The chemiluminescent signal produced was recorded digitally using a cooled 
CCD camera with the AC1 AutoChemi System (Ultra-Violet Products Ltd, Cambridge, UK) 
and analyzed using the LabWorks Analysis Software (Ultra-Violet Products Ltd, Cambridge, 
UK). Antibodies against Lhca1 to Lhca4 were obtained from (Agrisera AB, Uppsala, Sweden). 
Anti-phospho-threonin antibodies were obtained from Cell Signaling Technology. 
State transition measurements  
Photosynthetic state transitions were measured using a DUAL-PAM-100 (Walz, Effeltrich, 
Germany). After 45min dark adaptation a saturating flash was applied. Subsequently samples 
were  illuminated  for  20min  with  the  build  in  blue  light  at  44µE  m-2  s-1  followed  by  a 
saturating flash to obtain Fm2. Light was switched to build in far red light with an intensity of 
51µE m-2 s-1. After 20 min of far-red light a saturating flash was applied to obtain Fm1. State 
transition was calculated using the equation (Fm1-Fm2)/Fm1 (Jensen et al., 2000). 
Mass spectrometry 
The proteins were separated on a precast NuPAGE® Bis-Tris Gels. In-gel fixed proteins were 
visualized using colloidal Coomassie stain. Protein bands were excised from the gel. Cysteins 
were reduced and S-alkylated prior to in-gel trypsin digestion, peptide extraction and analysis 
by LC-MS/MS (Jensen et al., 1998). Mass spectra were acquired in positive ion mode applying 
automatic data-dependent switch between one Orbitrap survey MS scan in the mass range of   88 
300 to 1650 m/z followed by fragmentation and detection of the 7 most intense ions observed 
from the MS scan. Target value in the Orbitrap for MS scan was 1000000 ions at a resolution of 
50,000 at m/z 400. HCD normalized collision energy of 40. Ion selection threshold was set to 
15000 counts. The Orbitrap was coupled to a ThermoFisher/Proxeon EasyLC system. Solvent 
A: 0,1% Formic acid, solvent B: 0,1% Formic acid in acetonitrile. Peptides were trapped on a 
homemade  1  cm  C18,  ID  150  µm  column  (ReproSil  Pur  C18  AQ  3  Жm  sorbent)  and 
separated on a homemade 15 cm, ID 75 µm, C18 analytical column (particle size 3 µm). 
Runtime was 113 minutes/sample. Raw files were processed and searched by using Proteome 
Discoverer (version 1.3.0.339) (Thermo Fisher Scientific, Bremen, Germany). Tandem mass 
spectra  were  converted  to  peak  lists  and  searched  against  a  Physcomitrella  patens  protein 
sequence database downloaded 13/01/2012 from:  
https://www.cosmoss.org/physcome_project/wiki/Genome_Annotation/V1.6. 
Database searches were performed with the following parameters: precursor mass tolerance at 
10  ppm;  MS/MS  mass  tolerance  at  0.1  Da.  Variable  modifications  included:  methionine 
oxidation and deamidation of asparagine and glutamine. Carbamidomethylation on cysteine was 
set as fixed modification.  
Analysis of Physcomitrella patens PSI complex by Single particle Electron Microscopy 
Samples  from  Sucrose  gradient  were  dialyzed  (12–14  kDa  MWCO)  against  buffer  (5mM 
Tricine, 5mM MgCl2 pH 7.8, 0.03% Ќ-DM) overnight to reduce the sucrose content and 
thus improve a contrast in electron microscope. Samples were then stained with 2% Uranyl 
acetate on glow discharged carbon-coated copper grids. EM was performed on a Philips CM120 
electron microscope equipped with a LaB6 filament operating at 120 kV. Images (2048 x 2048 
pixel)  were  recorded  with  a  Gatan  4000  SP  4  K  slow-scan  CCD  camera  at  130  000x 
magnification at a pixel size (after binning the images) of 2.3A° at the specimen level with 
GRACE software for semi-automated specimen selection and data acquisition (Oostergetel et 
al.,  1998).  Single  particle  analysis  was  performed  using  GRIP  software  including  multi-
reference and non-reference alignments, multivariate statistical analysis, and classification, as in 
(Boekema et al., 1999). 
NADP+ photo-reduction 
The  NADP
+  photo-reduction  activities  of  thylakoids  from  A.  thaliana  and  P.  patens  were 
determined as described in (Jensen et al., 2011).  
The  total  P700  content  was  determined  as  described  in  (Markwell  et al.,  1980)  from  the 
ferricyanide-oxidized  minus  ascorbate-reduced  difference  spectrum  using  an  extinction 
coefficient of 64,000M
–1 cm
–1 at 700 nm  (Hiyama and Ke, 1972; Sonoike and Katoh, 1988). 
The thylakoids were solubilized with 0.2% Triton X-100, and the measurements were repeated 
4–5 times on several independent thylakoid preparations. 
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RESULTS 
Photosynthetic genes in Physcomitrella patens are highly redundant  
To elucidate the number of genes encoding PSI subunits in the genome of Physcomitrella the 
entire set of Arabidopsis PSI genes was taken from (Jensen et al., 2007) and used as reference 
for a BLAST search on the most current moss genomic database (www.cosmoss.org, V1.6). To 
avoid  ambiguities  during  the  BLAST  search  the  putative  chloroplast  signal  sequence  was 
determined using ChloroP (Emanuelsson et al., 1999) and the signal sequence was removed 
from the Arabidopsis reference sequences before the search was performed. To our surprise 
Physcomitrella contains a large number of isoforms for the different PSI subunits (Table 1). 
While for the chloroplast encoded subunits PsaA, -B, -C, -I and -J only one copy is found in the 
chloroplast genome, the nuclear encoded subunits show a high number of isoforms ranging 
from two copies of PsaG, -H and -O and up to four different gene entries for PsaD and PsaF. 
Additionally, we assessed the number of available moss ESTs (www.cosmoss.org, V1.6) for 
each of the nuclear encoded gene copies, assuming that the number of available ESTs indicates a 
relative expression level of the respective genes. Besides the total number of ESTs, we also 
assessed their number in the different tissue types, protonema, gametophore and sporophyte, 
respectively (Table 1). To obtain a consistent nomenclature we ranked the isoforms according 
to their number of ESTs and numbered them starting with the isoform with the highest number 
of ESTs.   90 
Table 1. Identification of PSI-LCHI subunits in Physcomitrella patens. 
Indicated is the protein names, where the proteins are encoded (Chloroplast (C); Nucleus (N)), 
gene  copy  number    in  Arabidopsis,  the  hits  found  by  Blast  analysis  in  moss,  a  proposed  gene 
designation in moss and the number of ESTs found for each gene  for the different tissue types: 
protonema,  gametophore  and  sporophyte.  Proteins  that  have  been  identified  with  mass 
spectrometry are marked with a “+”. *Unique peptide matches genome version 1.2. 
 
 
 
Encoded  Copies in  
A. thaliana 
Blast hits in 
P. patens 
Proposed 
designation 
Number of ESTs 
Total / (protonema 
+gametophore 
+sporophyte) 
Identified  
with 
MS/MS 
Core proteins:   
PsaA  C  1  PhpapaCp039  PpPsaA  n.a.  + 
PsaB  C  1  PhpapaCp040  PpPsaB  n.a.  + 
PsaC  C  1  PhpapaCp076  PpPsaC  n.a.  + 
PsaD  N  2  Pp1s4_321V6.1  PpPsaD-1  190 (177+4+9)  + 
      Pp1s77_69V6.1  PpPsaD-2  102 (88+7+7)  + 
      Pp1s1_788V6.1  PpPsaD-3  90 (80+6+4)  +* 
      Pp1s107_188V6.
1 
PpPsaD-4  12 (8+4+0)  - 
PsaE  N  2  Pp1s334_17V6.1  PpPsaE-1  60 (60+0+0)  + 
      Pp1s319_36V6.1  PpPsaE-2  53 (51+0+2)  + 
      Pp1s101_2V6.1  PpPsaE-3  37 (33+2+2)  + 
PsaF  N  1  Pp1s19_276V6.1  PpPsaF-1  223 (203+11+9)  - 
      Pp1s345_25V6.1  PpPsaF-2  150 (139+3+8)  + 
      Pp1s121_54V6.1  PpPsaF-3  108 (70+36+2)  + 
      Pp1s80_23V6.1  PpPsaF-4  37 (33+3+1)  - 
PsaG  N  1  Pp1s83_246V6.1  PpPsaG-1  183 (138+18+27)  + 
      Pp1s78_205V6.1  PpPsaG-2  18 (18+0+0)  + 
PsaH  N  2  Pp1s89_62V6.1  PpPsaH-1  42 (26+2+14)  + 
      Pp1s206_11V6.1  PpPsaH-2  20 (14+2+4)  + 
PsaI  C  1  PhpapaCp029  PpPsaI  n.a.  - 
PsaJ  C  1  PhpapaCp017  PpPsaJ  n.a.  - 
PsaK  N  1  Pp1s74_135V6.1  PpPsaK-1  72 (66+2+4)  - 
      Pp1s5_384V6.1  PpPsaK-2  27 (19+4+4)  - 
      Pp1s5_396V6.1  PpPsaK-3  0  - 
PsaL  N  1  Pp1s54_165V6.1  PpPsaL-1  201 (153+22+26)  + 
      Pp1s15_408V6.1  PpPsaL-2  75 (69+1+5)  - 
      Pp1s41_267V6.1  PpPsaL-3  71 (66+4+1)  - 
PsaM  C  0  PhpapaCp051  PpPsaM  n.a.  - 
PsaN  -  1  -  -  -  - 
PsaO  N  1  Pp1s248_60V6.1  PpPsaO-1  111 (100+3+8)  - 
      Pp1s248_61V6.1  PpPsaO-2  49 (48+1+0)  + 
Light harvesting proteins:   
Lhca1      Pp1s158_109V6.
1 
Lhca1.1    + 
      Pp1s161_32V6.1  Lhca1.2    + 
      Pp1s247_7V6.1  Lhca1.3    + 
Lhca2      Pp1s32_1V6.1  Lhca2.1    - 
      Pp1s330_37V6.1  Lhca2.2    + 
      Pp1s241_66V6.1  Lhca2.3    + 
      Pp1s651_2V6.1  Lhca2.4    + 
Lhca3      Pp1s214_86V6.1  Lhca3.1    - 
      Pp1s429_33V6.2  Lhca3.2    + 
      Pp1s197_123V6.
1 
Lhca3.3    + 
      Pp1s214_87V6.1 
Pp1s214_87V6.2 
Lhca3.4    - 
Lhca5      Pp1s284_6V6.1  Lhca5    +   91 
EST support could be found for almost all nuclear encoded genes with exception of PpPsaK-3 
(Pp1s5_396V6.1). However, it became clear that the apparent expression levels differ for the 
different isoforms of a protein. While for example PpPsaD-4 (Pp1s107_188V6.1) has only 12 
ESTs the PpPsaD-1 (Pp1s4_321V6.1) isoform is heavily supported by 190 ESTs indicating that 
this might be the major PsaD isoform. Also for the other PSI subunits it is evident that at least 
one isoform appears to be the dominating form with at least a 2 fold higher number of ESTs 
compared to the other isoforms. In respect to the different tissue types most of the EST support 
stems  from  protonemal  tissue.  However,  the  distribution  of  abundance  within  the 
gametophores and sporophyte followed the number of EST’s in the protonema. One notable 
exception is PpPsaF-3 (Pp1s121_54V6.1), which is only the third most abundant isoform in the 
protonemal tissue but the dominating isoform in the gametophore (Table 1). However, this has 
to be taken with caution since the sample size of the EST collection is too small for robust 
quantitative conclusions.   
It is of note that the chloroplast genome of Physcomitrella also encodes for the cyanobacterial 
PsaM subunit, which is not present in vascular plants. In contrast no PsaN homolog could be 
identified in the Physcomitrella genome. 
 
Additional thylakoid clean-up is required for efficient biochemical assays 
Standard plant protocols for thylakoid isolation (Haldrup et al., 1999) used on Physcomitrella 
gave a weak and noisy signal when functional measurements such as NADP+ photo-reduction 
(Fig. 1A, dotted trace) were performed. Hence, an additional clean-up step was tested to 
obtain  more  homogenous  thylakoids  for  proper  biochemical  assays.  We  subjected  isolated 
crude thylakoids to an additional sucrose density centrifugation on a discontinuous sucrose 
gradient according to (Chua and Bennoun, 1975). After centrifugation the thylakoids can be 
collected at the 1.8M/1.3M interphase (Fig. 1B) while insoluble components such as starch 
form a pellet. Additionally, a white layer could be observed at the 1.3M/0.5M interphase, 
which probably represents additional membranes such as plasmalemma, ER, and/or Golgi. We 
compared the performance of crude thylakoid extract and purified thylakoids in a NADP+ 
photo-reduction assay using equivalent amounts of Chl (Fig. 1A). It is clear that additional 
thylakoid purification enhances the quality of the signal significantly (Fig. 1A, solid trace). 
Hence, we used sucrose density gradient purified thylakoids for all subsequent experiments.     92 
 
 
Figure 1. Isolation of thylakoids from Physcomitrella patens. 
(A) Absorption trace (at 340nm) of in vitro NADP+ photo-reduction assay using crude thylakoids 
(dotted  trace)  or  purified  thylakoids  (solid  trace)  of  Physcomitrella  (B)  P.  patens  tissue  was 
disrupted and a crude thylakoids extract prepared, which were subjected to a further cleanup 
step via a discontinuous sucrose gradient (1.8M, 1.4M and 0.5 M sucrose layered on top of each 
other).  After  centrifugation  thylakoids  were  collected  at  the  1.8M/1.4  M  sucrose  interphase. 
Thylakoids were used for bio-chemical assays or were solubilized using β-dodecylmaltoside and 
subjected to a centrifugation on a linear sucrose gradient to obtain intact PSI-LHCI complex. 
 
 
Different PSI subunits can be detected by immunoblotting 
An extensive collection of plant PSI-subunit specific antibodies has been established (Jensen et 
al., 2007). In order to elucidate if those antibodies can be used to study Physcomitrella PSI-LHCI 
complexes, Physcomitrella thylakoids and isolated PSI were separated on SDS-PAGE, transferred 
to  a  nitrocellulose  membrane  and  probed  with  the  different  antibodies  (Fig.  2A).  Isolated 
thylakoids of Arabidopsis served as a reference for the individual antibodies. It is evident that for 
subunits PsaA, -C, -D, -F, -H, -K and -L bands that correspond to Arabidopsis could be detected 
both in thylakoids and PSI complexes of Physcomitrella. In contrast to this, the antibodies directed 
towards the PsaE, -G, -O, and -N subunits gave no detectable signal in neither the Physcomitrella 
thylakoid and nor the PSI samples.    93 
Interestingly, for PsaD two bands possibly representing different isoforms could be detected on 
the immunoblot (Fig. 2A). This assumption is supported by the alignment of the four isoforms 
of PpPsaD (Fig. S1) which shows that the isoforms PpPsaD-1 and D-2 both have an additional 
insert of 7 amino acids (DQKPDAK) making the mature protein approximately 1 kDa larger 
than the other two isoforms.  
  
 
 
 
Figure 2. Westernblot analysis of PSI subunits in Physcomitrella patens. 
Physcomitrella thylakoids and isolated PSI was separated by SDS-PAGE, blotted and analyzed with 
the indicated antibodies against different PSI core subunits (A) or light harvesting proteins (B). 
Arabidopsis thylakoids served as a reference. Samples were loaded according to equal chlorophyll, 
5µg chlorophyll for thylakoids and 3µg chlorophyll of isolated PSI 
 
 
Another interesting observation was the obtained band pattern for PpPsaF (Fig. 2A). While for 
isolated Arabidopsis thylakoids only one band is visible which corresponds to the predicted size of 
17.5kDa (Jensen et al., 2007) the Physcomitrella thylakoids and isolated PSI show two bands (Fig. 
2A). The higher band migrates at around 20 kDa and the lower band is slightly higher than the 
corresponding Arabidopsis band. When aligning PsaF sequences of Arabidopsis and Physcomitrella, a 
seven amino acid long C-terminal extension (NITVSPR) within the Physcomitrella sequences 
becomes apparent (Fig. S2). This extension adds approximately 0.8 kDa to the protein size, 
which  could  explain  the  slightly  lower  electrophoretic  mobility  of  Physcomitrella  PsaF. 
Interestingly, the extension can also be found in cyanobacteria (Synechocystis sp. PCC 6803), red 
algae (G. sulphuraria) and green algae (C. reinhardtii) (Fig. S2). However, the nature of the 
second band with higher molecular weight remains unclear. 
To  study  the  composition  of  the  PSI  associated  light  harvesting  complexes,  commercially 
available antibodies against Lhca1-4 were likewise used to probe protein blot of thylakoids and 
PSI  isolated  from  Physcomitrella  (Fig.  2B).  Again,  Arabidopsis  thylakoid  proteins  served  as  a   94 
reference. Antibodies against Lhca1 and -3 could detect proteins at the size that correspond to 
the respective size of Arabidopsis Lhca1 and 3 (Fig. 2B) indicating that the antibodies recognize 
PpLhca1 and -3. On the other hand the antibody against Lhca2 produces two major bands with 
the Physcomitrella thylakoids with the lower one running slightly higher than Lhca2 of Arabidopsis. 
Interestingly the high molecular weight band for Lhca2 in Physcomitrella is not present in isolated 
PSI, indicating that it represents unspecific binding of the antibody to proteins presents in 
Physcomitrella thylakoids. Again the Lhca2 band in Physcomitrella PSI indicates a slightly larger 
protein  than  in  Arabidopsis,  which  is  in  agreement  with  predicted  sizes  of  mature  Lhca2 
(Arabidopsis: ~23.3 kDa, Physcomitrella ~24.4 kDa). Surprisingly, Lhca4 gave a signal in the 
isolated thylakoids and PSI–LHCI of Physcomitrella despite the fact that Physcomitrella does not 
encode an Lhca4 like subunit (Alboresi et al., 2008). Hence, the obtained signal most likely 
stems from unspecific binding of the antibody to other Lhc proteins.  
Clearly, immunoblot based analysis of isolated PSI-LHCI from  Physcomitrella is  not  able  to 
resolve the existence of all the different isoforms of PSI subunits encoded by Physcomitrella. 
Therefore, the isolated Physcomitrella PSI-LHCI complex was further characterized by proteome 
analysis by mass spectrometry to resolve its subunit composition in more detail.  
 
The different isoforms are clearly identified on the protein level 
For mass spectrometric analyses, isolated Physcomitrella PSI samples were digested with trypsin 
and separated on an LC system before MS/MS analysis was carries out on an LTQ Orbitrap 
system. With this approach we aimed to unambiguously identify the different isoforms for the 
respective PSI subunits on the protein level. The obtained results clearly show that the diversity 
of isoforms for the different PSI subunits encoded by Physcomitrella (Table 1) is also reflected on 
the protein level (Table 1, Table S1).  
Using mass spectrometry we were able to identify the following PSI core subunits: PsaA, -B, -C, 
-D, -E, -F, -G, -H, -K, -L and -O (Table 1, Table S1). Only the small subunits PsaI, PsaJ and 
PsaM could not be unambiguously identified with unique peptides. This might be due to the 
fact that these small proteins not always yield tryptic peptides suitable for MS analysis due to 
size or charge issues. Alternatively, the peptide sequences that were detected could not be 
assigned unambiguously because they were not unique.  
In respect of the different isoforms of the subunits encoded by Physcomitrella (Table 1) we could 
uniquely identify at least one isoform for each of the PSI core subunits with the exception of 
PsaK (Table 1, Table S1). While for PsaE (three isoforms), G (two isoforms), and H (two 
isoforms)  we  could  identify  all  possible  isoforms.  For  PsaD  (4  isoforms)  and  PsaO  (two 
isoforms) one isoform and for PsaF (four isoforms) and PsaL (three isoforms) two isoforms 
remained unidentified. It is of note that for PpPsaD-3 a unique peptide could only be identified 
using  the  version  2.1  database.  While  we  could  identify  three  distinct  peptides  uniquely 
identifying PsaK (Table S1) we were not able to match them to any of the three different 
isoforms of PsaK since the peptides derive from a highly conserved region of PsaK (Fig. S3, 
Table S1). One peptide uniquely identified PsaK-2, but manually inspection of the fragmented 
peptide could not rule out other sequence combinations.   
With  regards  to  the  members  of  the  light-harvesting  complex  of  PSI  we  followed  the 
annotation of (Alboresi et al., 2008). We were able to identify Lhca1, -2, -3 and -5 and most of 
their  different  isoforms  (Table  1,  Table  S1).  For  Lhca1  (three  isoforms)  and  Lhca2  (four   95 
isoforms) all isoforms except Lhca2.1 were detected by unique peptides. For Lhca3, two out of 
four isoforms could be detected and Lhca5 is present only in one isoform, which also could be 
identified.   
 
 
Figure 3. Analysis of phosphorylation pattern during state transitions 
Thylakoids from Physcomitrella and Arabidopsis under state 1 (S1) and state 2 (S2) conditions have 
been  isolated,  separated  via  SDS-PAGE,  blotted  and  analyzed  with  anti-P-Thr  antibodies  to 
visualize changes in phosphorylation patterns. The equivalent of 12µg and 3µg of chlorophyll of 
thylakoids was loaded per lane for Physcomitrella and Arabidopsis, respectively. 
 
After characterizing the PSI-LHCI complex on protein level we aimed to study the function of 
Physcomitrella PSI further using spectroscopic as well as biochemical methods. 
 
Chl/P700 and in vitro NADP+ -photo-reduction 
The  number  of  chlorophylls  associated  with  both  photosystems  but  normalized  per  P700 
reaction center was assessed in thylakoids using chemical oxidation. For Physcomitrella thylakoids 
we measured 693 ± 66 (n=5) chlorophylls per P700 reaction center (Table 2), which is only 
marginally,  more  than  the  666  ±  24  chlorophylls  per  P700  reaction  center  which  were 
reported for Arabidopsis wild type thylakoids before (Jensen et al., 2002). 
  
Table 2. In vitro NADP+ photo-reduction with different electron donor systems. The values are 
averages ± S.D. Value 
a taken from Jensen et al., 2002. 
  A. thaliana  P. patens 
Chl/P700  666±24 
a  693±66 (n=5) 
NADP
+-photoreduction [µmol NADPH/s/P700]     
          2µM plastocyanin  24.35±2.65 (n=3)  11.92±0.85 (n=3) 
          2µM cytc6  1.61±0 (n=3)  0.09±0.12 (n=3) 
          4µM cytc6  3.04±0.31 (n=3)  2.05±0.32 (n=3) 
 
In vitro NADP+ photo-reduction assay was used to measure and assess activity of Physcomitrella 
PSI. With isolated thylakoids of wild type Arabidopsis we obtained an activity of 24.35 ± 2.65 
(n=3) µmol NADPH s-1 P700-1 (Table 2) which is good agreement with previous published 
activities (Jensen et al., 2002). Using the same setup we can also measure an activity of 11.92 ± 
0.85 (n=3) µmol NADPH s-1 P700-1 (Table 2) with isolated Physcomitrella thylakoids.    
While in some algae cytochrome can be used as alternative electron donor to PSI when copper 
becomes  a  limiting  factor  (Wood,  1978),  higher  plants  are  dependent  on  the  presence  of 
plastocyanin (Weigel et al., 2003). To test the ability of Physcomitrella PSI to use cytc6 as an   96 
alternative electron donor the 2 µM plastocyanin were substituted with 2 µM of cyanobacterial 
cytc6 in the NADP+ photo-reduction assay (Table 2). For comparison we also performed the 
assay  with  Arabidopsis  thylakoids  and  as  expected  an  almost  complete  loss  of  activity  is 
recorded. While for Arabidopsis thylakoids an activity of 1.61±0 µmol NADPH s-1 P700-1 
(n=3) was recorded, for Physcomitrella thylakoids no activity could be seen (0.09±0.12 µmol 
NADPH s-1 P700-1 (n=3)) (Table 2). Also a doubling of the cytc6 concentration did not 
dramatically  increase  the  activity  (Table  2).  This  clearly  shows  that  neither Arabidopsis nor 
Physcomitrella PSI is able to utilize cytc6 as an alternative electron acceptor. 
 
State1-state2 transitions 
We  also  tested  for  Physcomitrella’s  capability  to  induce  state  transition,  the  reversible 
phosphorylation and movement of LHCII to PSI upon over-excitation of PSII (Haldrup et al., 
2001). Protonemal tissue was cultivated under blue light (state 2 light) or far red light (state 1 
light)  for  one  hour.  Subsequently,  thylakoids  were  isolated  from  both  states  and  the 
phosphorylation  pattern  of  the  proteins  was  analyzed  by  immunoblotting  using  antibodies 
against phospho-threonin (Fig. 3). Three major bands at ~40kDa, ~30kDa and ~25kDa are 
visible whose phosphorylation increases under blue light compared to samples derived from far 
red  light  conditions,  which  is  in  line  with  results  obtained  from  thylakoid  samples  from 
Arabidopsis grown under comparable conditions (Fig. 3). Interestingly, the band at 25kDa, 
which  represents  LHCII  proteins  (Rintamaki  et al.,  2000),  is  not  as  pronounced  in  the 
Physcomitrella state 2 conditions as in the Arabidopsis state 2 where it represents the strongest 
band  (Fig.  3).  This  suggests  a  lower  degree  of  LHCII  phosphorylation  in  Physcomitrella 
compared to Arabidopsis. However, these results have to be judged with caution since the signal 
intensity is very dependent on the brand of antibody and plant material used (Turkina et al., 
2006). The extent of state1-state2 transition was additionally assessed by measuring chlorophyll 
a fluorescence on protonema tissue grown on agar plates and compared to intact Arabidopsis 
plants (Fig. S4). The samples were dark adapted for 45 min and the maximum fluorescence 
yield was determined. After 20 min of blue light illumination, which favors PSII, the maximum 
fluorescence in state 2 (Fm2) was determined. Subsequently, the light was changed to far red 
light, which favors PSI and induces state 1. Again after 20 min the maximum fluorescence 
(Fm1) was determined. The ability to perform state transitions can be expressed as a ratio of 
Fm1 and Fm2 ((Fm1-Fm2)/Fm2) where a smaller ratio indicates less state transition (Jensen et 
al., 2000). For Physcomitrella a ratio of 0.127±0.004 (n=4) can be obtained while for Arabidopsis 
a  ratio  of  0.167±0.006  (n=3)  can  be  measured.  These  values  are  significantly  different 
(Student’s t test, p<0.001). Hence, Physcomitrella indeed performs state transition; however it 
has a slightly smaller capability to do so in agreement with the lower ability to phosphorylate 
LHCII (Fig. 3). Additionally standard photosynthetic parameters were determined (Table S2).  
 
Topology of the PSI-LHCI complex 
Based on the higher mobility of isolated PSI-LHCI complex on native gels it was suggested by 
earlier studies that the PSI-LHCI complex of Physcomitrella is smaller than that of Arabidopsis 
and  Chlamydomonas  (Alboresi  et al.,  2008).  This  might  reflect  the  absence  of  the  Lhca4  in 
Physcomitrella, which in turn leads to a smaller LHCI complex. However, up to now no further 
evidence has been presented on this matter. Therefore, purified and homogeneous preparations   97 
of PSI-LHCI complexes of Physcomitrella were analyzed using transmission electron microscopy 
(TEM) and single particle analysis. Classification of single particle projections maps resulted in 
two maps of different size, indicating that the PSI-LHCI complex is present in two forms 
differing in size (Fig. 4A, B) whereby the larger complex is the dominant form with a ratio of 
~3:1.  This  larger  projection  map  (Fig.  4A)  stems  from  921  particles  and  although  these 
particles  lack  distinct  outline  and  features  making  them  hard  to  align  they  resembles  the 
structure of PSI-LHCI complexes isolated from wild type Arabidopsis (Fig. 4D) (Wientjes et al., 
2009). The smaller projection (Fig. 4B) represents a sum of only 395 top projections hence the 
image resolution is low. However, it is important to note that those smaller projections have 
been found repeatedly in different independent biological and technical replicates. 
 
Figure  4.  Transmission  electron  microscopy  and  single  particle  analysis  of  isolated  PSI-LHCI 
complex of Physcomitrella patens. 
Projection maps of PSI from P. patens in state 1 (A) sum from 921 particles, (B) sum of 395 and in 
state 2 (C) sum of 613; in comparison with Arabidopsis PSI maps D, E (from state 1) and F from 
(state  2).  The  dotted  line  indicates  in  both  Physcomitrella  PSI  and  Arabidopsis  PSI  the  border 
between the core part and the extra antenna moiety attached under State II. Frames (D) and (E) 
have been reproduced from (Wientjes et al., 2009); frame F is taken from (Galka et al., 2012). 
 
When analyzing PSI-LHCI particles isolated from state 2 an additional density at the PSI-LHCI 
complex became evident, a sum of 613 projections is shown in Fig. 4C. This projection (Fig. 
4C) looks very similar to PSI-LHCI-LHCII complexes isolated from higher plants under state 2 
(Fig. 4F) (Kouril et al., 2005; Wientjes et al., 2009). This indeed indicates that under state 2 
conditions additional LHCII proteins attach to PSI in Physcomitrella supporting results obtained 
with chlorophyll a fluorescence measurements.   98 
DISCUSSION 
Subunit composition of the moss PSI-LCHI complex 
Intact PSI-LHCI complexes were isolated from Physcomitrella and its subunits composition was 
studied in detail. It is evident that Physcomitrellas evolutionary intermediate position is also 
reflected in the subunit composition of the PSI core. While still retaining the cyanobacterial 
PsaM subunits it also contains the plant specific PsaG, -H and -O subunits. However, a PsaN 
homolog could not be identified (Table 1). Also the protein sequence of PsaF is an example that 
Physcomitrella  still  retains  a  more  ancient  version  of  a  protein  compared  to  higher  plants. 
Physcomitrella PsaF still contains a seven amino acid long C-terminal extension which can also be 
found in cyanobacteria, red and green algae but not in higher plants (Fig. S2). This extension 
has been proposed to be involved in the interaction with phycobillisomes (Vanselow et al., 
2009), however due to the fact that it is still present in green algae and moss, which do not 
possess phycobilisomes, the extension might serve a different purpose.   
For all of the nuclear encoded PSI core subunits as well as for the light harvesting proteins, 
Physcomitrella encodes numerous isoforms (Table 1, (Alboresi et al., 2008). Interestingly this 
diversity could also be detected on the protein level within native PSI-LHCI complexes (Table 
1, Table S1). This striking wealth of isoforms raises the question of their biological significance.   
Molecular heterogeneity of PSI and presence of two isoforms for PsaD, -E and -H is well 
known in higher plants such as Nicotiana and Arabidopsis (Jensen et al., 2007; Obokata et al., 
1993). In Nicotiana sylvestris which encodes for two PsaD isoforms a differential expression 
pattern during leaf development has been shown. While PsaD1 level is highest in developing 
leaves  whereas  PsaD2  protein  level  peaks  in  mature  leaves  (Yamamoto  et al.,  1993).  In 
Arabidopsis, PsaD1 has been shown to be the dominating form; however it can be functionally 
replaced by overexpressing the almost identical PsaD2 isoform (Ihnatowicz et al., 2004). Up to 
now no distinct function could be attributed to one of the PsaD isoforms. It has been speculated 
that duplicated genes have been retained to allow the same subunits to respond to multiple 
signal transduction pathways (Ihnatowicz et al., 2004). 
Physcomitrella  underwent  whole  genome  duplication  approximately  45  million  years  ago, 
leading to a wealth of multiple genes (Rensing et al., 2007). An effect of gene duplication is 
that it alleviates the pressure to maintain a single important gene, introducing potential for 
development of new genes. It is tempting to speculate that Physcomitrella retained the high 
number of isoforms and specialized them to fine-tune structure and function of PSI during 
different developmental stages or stress conditions. Expression data from GENEVESTIGATOR 
(www.genevestigator.com) indicate an isoform specific gene regulation during development 
(Fig.  S5).  For  example  PsaD  and  PsaL  isoforms  show  a  differential  expression  during  the 
different development stages. Also for isoforms of PsaF we could see differences in expression 
pattern based on EST data. PpPsaF-3 is the dominating form in the gametophore while being 
only the third most abundant form in protonemal stage (Table 1). However, it remains to be 
shown experimentally that the different isoforms have a distinct functional role. 
 
 
Structure of the PSI-LHCI complex  
Based on native gel electrophoresis it has been proposed earlier that the PSI-LHCI complex of 
Physcomitrella is smaller than its plant counterpart (Alboresi et al., 2008). Our data obtained by   99 
EM imaging analysis of isolated PSI particles do not support those findings. Interestingly we can 
find two populations of PSI complexes. The larger particles (Fig. 4A), which were present in 
majority represent a PSI with four Lhca proteins at the PsaF/PsaJ side of the PSI core as seen in 
higher plants (Fig. 4D) (Ben-Shem et al., 2003; Boekema et al., 2001). This opens the question 
which Lhca protein is replacing Lhca4 in the complex since Physcomitrella does not have a Lhca4 
homolog (Alboresi et al., 2008).  
It has been shown in Arabidopsis that deletion of a Lhca-protein leads to a hole in the PSI-LHCI 
complex  since  each  individual  Lhca-protein  has  a  fixed  position  (Ballottari  et al.,  2007; 
Wientjes et al., 2009). However for Lhca4 a notable exception was found. In ϶Lhca4 plants a 
small fraction of complete complex containing four Lhca proteins could be isolated. Further 
analysis suggested that Lhca5 occupies the Lhca4 position thereby forming a complete complex 
(Wientjes et al, 2009). One could envision a similar scenario in Physcomitrella. However, semi-
quantitative analysis of our proteomics data revealed that Lhca5 protein level are much lower 
than Lhca1, Lhca2 and Lhca3, which are present in a nearly 1:1 stoichiometry (Fig. S6). This is 
further supported by a preliminary analysis of transcript level derived from RNAseq data of 
Physcomitrella (Fig. S7).  Also here Lhca5 shows a much lower expression compared to the other 
Lhca proteins. Hence one of the Lhca1-3 isoforms has to occupy the Lhca4 position in order to 
form the half-moon shaped LHCI complex. However, which of the Lhca proteins remains to be 
elucidated in a future study.  
It is of note that we were able to find two different sizes of PSI particles in Physcomitrella (Fig. 
4A,  B).  Given  the  fact  that  we  found  this  size  distribution  in  numerous  independent  PSI 
preparations and smaller PSI particles have been reported earlier (Alboresi et al., 2008) it 
unlikely that these different sizes are mere preparation artifact. It could be possible that the two 
forms represent a dynamic equilibrium, which responds to different light intensities or qualities. 
The analysis is further complicated by the fact PSI does not possess distinct outlines which 
makes  it  technically  challenging  to  obtain  high  quality  images.  In  contrast  for  PSII-LHCII 
particle, which have a much more distinct outline, only a few images are necessary to obtain 
good quality pictures (Fig. S8). 
 
 
Function of the PSI-LHCI complex 
Since Physcomitrella also encodes a cytc6, which could potentially be an alternative electron 
donor to PSI we tested this possibility in an in vitro NADP+ photo-reduction assay. However, 
under the assay conditions used it is clear that Physcomitrella is not able to accept electrons from 
cytc6 (Table 2) showing a similar behavior as Arabidopsis. It should be noted that the used cytc6 
efficiently  donates  electrons  to  cyanobacterial  PSI  (data  not  shown).  It  has  been  proposed 
earlier that while cytc6 can serve as an electron donor in green algae such as Chlamydomonas it 
acquired novel functions not related to electron transport to PSI throughout the evolution of 
higher plants (Weigel et al, 2003). Following this idea we analyzed the phylogeny of different 
cytc6  sequences  including  the  one  from  Physcomitrella  (Fig.  S9).  Clearly  Physcomitrella  cytc6 
sequence groups with the cytc6 of higher plants indicating that already in moss cytc6 acquired a 
novel function. 
In respect to state transition we showed that Physcomitrella is able to perform state transitions. 
However, based on the state transition coefficient [(Fm1-Fm2)/Fm2] (Jensen et al., 2000) we   100 
obtained it appears that the movement of the PSII antenna towards PSI happens to a smaller 
extent than in Arabidopsis under the same conditions. Recently, Lhcb9 a light harvesting protein 
that associates with PSII was characterized in Physcomitrella (Alboresi et al., 2011). This Lhcb9 
protein harbors, unlike all other known LHCII protein, a red-shifted chlorophyll leading to 
changes in absorption properties of PSII. Hence the excitation pressure on PSII in Physcomitrella 
might be different from that in Arabidopsis under the state 2 light inducing conditions we applied 
in our experiments. 
 
 
SUPPLEMENTARY MATERIAL (DATA ON CD) 
Fig. S1 Sequence comparison of PsaD isoforms of Physcomitrella 
Fig. S2 Alignment of full length PsaF proteins from different species 
Fig. S3 Alignment of the three different isoforms of PsaK of Phscomitrella 
Fig. S4: Traces of state transition experiment 
Fig. S5: Expression data from GENEVESTIGATOR for selected isoforms 
Fig. S6: Semiquantitative analysis of Lhca protein level  
Fig. S7: Expression level of Lhca genes  
Fig. S8: TEM analysis of PSII-LHCII complex of Physcomitrella 
Fig. S9: Phylogenetic tree based on the protein sequence of cytochrome c6 sequences 
Table S1: Identified proteins and corresponding peptides 
Table S2: Photosynthetic parameters derived from chlorophyll-a fluorescence measurements. 
 
 
 
Figure S8: (A) Averaged projection map of P. Patens PSII core particles, derived from 180 particles, 
present as a contaminant in one state 2 sample batch. (B) cyanobacterial PSII for comparison, 
from a previous investigation (Kuhl et al. 1999). Two-fold rotational symmetry was imposed on 
the images after analysis (scale bar is 10nm). 
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“Owing to this struggle for life, any variation, however slight and from whatever cause proceeding, if it be 
in any degree profitable to an individual of any species, in its infinitely complex relationship to other 
organic beings and to external nature, will tend to the preservation of that individual, and will generally 
be inherited by its offspring.” 
- Charles Darwin, Origin of Species (1859). 
CHAPTER 7. STRUCTURE OF A TETRAMERIC PHOTOSYSTEM I 
COMPLEX FROM THE CYANOBACTERIUM ANABAENA SP. PCC 7120   102 
Abstract 
We report the first tetrameric structure of a photosystem I complex, purified from the cyanobacterium 
Anabaena sp. PCC 7120. The purified tetramers were analyzed by single particle Electron Microscopy. 
Two-dimensional projections maps of tetramers and dimeric fragments revealed that the tetramer does not 
show four-fold symmetry, as expected for a true tetramer, because it is composed of dimers of dimers. The 
tetramer  was  already  expected  from  a  previously  performed  biochemical  characterization,  and  is 
hypothesized to occur in those cyanobacteria with a modified PsaL subunit. The EM analysis indeed shows 
that PsaL likely plays a role in the tetramer formation because it is located right in the middle of the 
complex.   103 
 
INTRODUCTION 
Photosystem I (PSI) is a large multi-subunit pigment-protein assembly present in the thylakoid 
membrane  of  plants,  algae  and  cyanobacteria.  It  mediates  electron  transfer  from  reduced 
plastocyanin (or cytochrome C6) to oxidized ferredoxin (or flavodoxin). Over time, (billions of 
years), PSI has evolved as a result of colonization of the photosynthetic organisms into various 
ecological niches. Functional PSI has been isolated as multi-subunit membrane super complexes 
from cyanobacteria, algae and land plants, and some of their detailed structures have been 
revealed by X-ray crystallography (Jordan et al., 2001, Ben-Shem et al., 2003). So far, the PSI 
complex has been isolated as a monomer or a trimer from cyanobacteria (Takahashi et al., 
1982; Boekema et al., 1987; Rögner et al., 1990), while from algae and higher plants it is 
isolated as a monomer (Bengis and Nelson 1975; Kouřil et al., 2006) or a supercomplex of a 
monomer of PSI and a trimer of light-harvesting complex II of (Kouřil et al., 2005). The 
trimeric  PSI  complex  was  largely  recovered  from  the  thermophilic  cyanobacterium 
Thermosynechococcus elongatus, (Boekema et al., 1987; Jordan et al., 2001). The PsaL subunit 
which is located at the center of the trimeric crystal structure (Fromme et al., 2001, Jordan et 
al. 2001) is essential for trimerization of PSI (Chitnis and Chitnis 1993) and might also be 
involved in energy distribution among the PSI monomers (Grotjohann and Fromme 2005). 
Anabaena is a filamentous cyanobacterium with a genome providing excellent opportunities for 
genetic analysis of several important processes in cyanobacterial metabolism and physiology 
including nitrogen fixation, symbiotic associations, cellular differentiation, circadian rhythms 
and photosynthesis. 
In a recent investigation (Watanabe et al. 2011), the organization of photosystems in mesophilic 
cyanobacteria  (Synechocystis  and  Anabaena  sp.  PCC  7120),  a  glaucocystophyte  (Cyanophora 
paradoxa) and a primitive rhodophyte (Cyanidioschyzon merolae) were compared by BN-PAGE. 
Among the variations in the organization of the PSI complexes revealed was an unexpected 
occurrence of a higher molecular mass PSI fraction. This fraction was recovered abundantly in a 
wide range of dodecyl maltoside concentrations (0.6 - 2 %) used during solubilizaion. At 3% 
concentration the yield was lower and only a faint band was detected at 5%. On the other hand, 
a putative PSI dimer band was detected abundantly at 3 - 5% but less between 1 and 2%. 
Further, the subunit composition was apparently similar and the high molecular mass PSI was 
established as equivalent to 3.9 times the size of a monomer of PSI (356 kDa). 
In this study, we analyzed the high molecular PSI fraction by single particle electron microscopy 
in  order  to  determine  the  structure  of  the  particles  and  to  reveal  the  association  and  or 
interaction of the monomeric units. 
METHODS AND MATERIALS  
Protein complex isolation and purification 
Thylakoid membranes from Anabaena were solubilized with 1% dodecyl maltoside (DM) in 50 
mM MES-NaOH, pH 6.5, 10 mM MgCl2, 5 mM CaCl2 and 25% glycerol and fractionated by 
sucrose density gradient containing 0.01% DM, 50 mM MES-NaOH, pH 6.5, 10 mM MgCl2, 5   104 
mM  CaCl2  and  10-30%  sucrose.  The  PSI  tetramer  band  at  ~16  µg  chlorophyll/ml  was 
collected (Watanabe et al. 2011), further concentrated up to 300 µg/ml and stored at –80 °C 
until further use. 
Electron microscopy and single particle analysis 
Frozen sample was left to thaw on ice and diluted (~20 times) in milliQ water. MgCl2 up to 
5mM final concentration was added to get rid of aggregation. A drop of PSI solution was 
absorbed onto glow discharged carbon coated grids and subsequently stained with 2% uranyl 
acetate for contrast. Imaging was performed on a Philips CM120 equipped with a LaB6 tip 
operating at 120 kV. The “GRACE” system for semi-automated specimen selection and data 
acquisition (Oostergetel et al., 1998) was used to record 2048×2048 pixel images at 80,000 × 
final magnification using a Gatan 4000 SP 4K slow-scan CCD camera with a pixel size of 0.375 
nm. Single particles were analyzed with the Groningen Image Processing (GRIP) software 
including multi-reference and non-reference alignments, multivariate statistical analysis and 
classification, as in Boekema et al. (1999). The best of the class members with a maximum of 
0.15 correlation decay were taken for the final class-sums. 
 
RESULTS 
The  PSI  tetramer  band  obtained  by  sucrose  density  centrifugation  (Figure  1A)  had  a 
concentration of ~16 µg chlorophyll/ml. Examination of the materials by BN-PAGE showed 
that along with the thylakoid fraction (Figure 1B, left lane), this fraction was nearly exclusively 
composed of tetramers (right lane, Figure 1B). The sucrose density band was also further 
concentrated  up  to  300  µg/ml.  The  concentration  step  resulted  in  some  degradation  of 
tetramers into dimers (middle lane, Figure 1B).  
 
Figure 1. Sucrose gradient of Anabaena thylakoid membranes (A) with the tetrameric PSI fraction. 
BN-PAGE analysis of the fractions before and after concentration at 4
0 C. 
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Electron microscopy showed that the sample was dominantly populated with particles with a 
rectangular projection, as seen in the micrograph (Figure 2A). A smaller particle of half the size 
was less frequent. These two types of projections likely represent tetramers and dimers. About 
2000 images were recorded, a total of 30,000 of such particle projections were collected and 
analyzed. After a first series of alignments, the best 8,597 particles (above 0.15 correlation 
decay in the alignment steps) were decomposed in 8 classes; 8259 were tetramers and 338 
(3.9%) were dimers. The tetramers show four monomers which differ slightly (second class 
from left, top row) or stronger (second class from right, lower row) from each other. These 
differences in prejection are caused by tilting of the particles on the carbon support film; similar 
differences  were  found  for  PSI  trimers  in  previous  investigations  (Boekema  et al.,  2001; 
Chauhan et al., 2011). The best class averages were mutually aligned and used as references to 
sharpen up the images in subsequent alignments. 
 
Figure 2. A- An electron microscopic micrograph of Anabaena PSI fraction stained with 2% uranyl 
acetate and B- average classes from data set showing heterogeneity. 
 
In the last cycle of image processing the tetramers were grouped in three classes of projection 
maps. In one of them the tetramers is seem close to a position flat in the membrane, because all 
monomers appear very similar (Fig. 3A). In the other views the tetramer is seen tilted along an 
axis running in a vertical position (Figs. 3A,B). The map of the dimers indicates how the 
tetramer is composed of two such dimers (Fig. 3D). Results can be compared with previously 
performed single particle EM data to get an impression how the tetramers are built up from   106 
monomers. The best negatively stained projection map of a trimer of PSI is the one from 
Thermosynechococcus  elongatus at  15  Å  resolution  (Figure  3E).  This  particular  trimer  is  a 
supercomplex of trimeric PSI and 43 copies of IsiA and shows the monomers at more detail to 
facilitate  a  further  comparison  with  the  high  resolution  crystal  structure  of  
Thermosynechococcus elongatus (Figure 3F) truncated to 15 Å for comparison. The comparison 
makes clear that there is a different angle between the monomers in the tetramer and trimers. 
To  bring  monomers  of  the  trimer  (orange  circumference)  we  focus  on  one  dimer  in  the 
tetramer (Fig. 3G) and to bring the left monomer in a position as in the tetramers it has to be 
rotated by about -13° to optimize the fit (yellow circumference). If we further model the 
tetramer it becomes clear that it is composed of two dimers, rather than of 4 monomers in 
equal position (Fig. 3H). 
 
Figure 3. Electron microscopic analysis of projections of Anabaena Sp. PCC 7120 PSI tetrameric 
fraction. (A) projection map showing the tetramer in an almost non-tilted situation. red arrows 
point to densities linking monomers into dimers and the blue arrow indicates the contact site 
between the two dimers making the tetramer. (B,C) projection maps of tetramers in a stronger 
tilted position than in A, representing the majority of the tetramers. (D) Projection map of the 
dimer, in an equivalent position to the lower left half of the tetramer. (E) Projection map of the 
PSI-IsiA  supercomplex  from  Thermocynechococcus  elongatus  (from  Chauhan  et  al.  2011).  (F) 
Projection map of the high-resolution trimer structure (Jordan et al., 2001). The circumference of 
one momomer is outlined (in orange). (G) Map of the tetramer, with two monomers of the trimer 
overlaid (in orange). The left trimer has been rotated to optimize the fit in the tetramer (yellow 
contour). (H) Model of the tetramer, based on the EM projection map of A. 
 
DISCUSSION AND CONCLUSIONS 
The projection maps from single particle electron microscopy reveal a novel type of tetrameric 
organization of cyanobacterial PSI, not described before. The oligomerization occurs via dimers 
and these dimers become prominent upon concentration of sample (Figure 1B), indicating that 
although the tetramers are stable they can easily disrupt by increased detergent concentration. 
In other cyanobacteria, single particle analysis revealed exclusively a trimeric organization of 
PSI.  The  very  first  PSI  trimer  was  found  in  an  EM  study  of  Thermocynechococcus elongatus   107 
(formerly known as Synechococcus sp.) (Boekema et al., 1987), which initiated the research 
leading to the crystal structure of a PSI trimer (Jordan et al., 2001). Studies in other species, 
such as Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7002, Synechococcus sp. PCC 7942, 
and Gloeobacter violaceus (Tsiotis et al., 1995, Kruip et al., 1997, Boekema et al., 2001, Mangels 
et al., 2002), revealed the same trimeric structure. This is also the case in the ﬁlamentous 
cyanobacteria Phormidium laminosum and Spirulina platensis, where the PSI trimer was described 
based on electron microscopy and gel ﬁltration chromatography (Ford and Holzenburg 1988).  
However, fractionation by BN-PAGE of Nostoc punctiforme, which is close in phylogeny with 
Anabaena suggests that PSI complex migrates in a similar way as the dimers or tetramers but not 
trimers (Cardona et al., 2007).  
The difference in trimeric and tetrameric oligomerization of PSI could be in the localization or 
possible modification of certain subunit(s), such as PsaL and PSaI, which are centrally located in 
the trimer, according to the high-resolution map. Indeed, sequence comparison showed that 
the PsaL and PsaI proteins of Anabaena and other related heterocyst-forming cyanobacteria are 
clustered  together  into  a  unique  clade  distinct  from  other  cyanobacteria.  (Supplementary 
Figure S1 A and B). This variation could be associated to the nature of ecological niche and or 
capacity required for regulation of light intensities.  
The Anabaena EM projection map of Fig. 3A, showing the lowest amount of tilt, was used for 
fitting  the  crystal  structure  from  Thermosynechococcus  elongatus.  The  monomers  were 
superimposed to generate a model of association (Figure. 4). The model demonstrates that the 
interaction between the monomers in the dimers and tetramers occurs via or in close proximity 
to the subunits PsaI and PsaL. PsaM could also be of importance, because the PsaM subunit was 
proven  essential  for  the  formation  of  stable  Photosystem  I  trimers,  because  the  lack  of  it 
resulted in a 75% reduction in the recovery of trimers compared to the wild type (Naithani et 
al., 2000). 
 
 
Figure  4.  Model  of  association  of  monomeric  PSI  from  cyanobacteria  in  (A)  dimer  and  (B) 
tetramer structural projections. Shown in orange (PsaL), purple (PsaI) and blue (PsaM) are the 
subunits with a potential role in the monomer/dimer interactions. 
 
The final question that now can be raised is why some PSI complexes are organized as tetramers. 
There is no answer but we can speculate that it could have to do with attachment of the 
phycobilisome, the major antenna complex in cyanobacteria. Phycobilisomes are composed of   108 
several rods and core cylinders, which are connected with a rod-core linker polypeptide CpcG. 
Previously, we reported that a CpcGlike polypeptide (CpcG2) forms unusual phycobilisomes 
and is involved in preferential energy transfer to PSI in Synechocystis sp. PCC 6803 (Kondo et 
al., 2007). However, there was no evidence for direct connection between CpcG2 and PSI. 
Recently, evidence was found for a supercomplex consisting of the PSI tetramer (Watanabe et 
al.,  2011)  and  an  unusual  phycobilisome  from  Anabaena sp.  PCC  7120  in  which  CpcG2 
(renamed to CpcL) was involved (Watanabe et al. 2012). A close inspection of Fig. 1A shows a 
band below the tetramers, which seems to contains this supercomplex. However, because this 
band was very faint it was not structurally investigated.  
 
In conclusion, we show the first tetrameric structure of a photosystem I complex, purified from 
the cyanobacterium Anabaena sp. PCC 7120. The purified tetramers were analyzed by single 
particle Electron Microscopy and the two-dimensional projections maps of tetramer and dimer 
fragments revealed that the tetramer does not show four-fold symmetry, as expected for a true 
tetramer, because the tetramer is composed of dimers of dimers. The tetramer was already 
expected from a previously performed biochemical characterization, and is hypothesized to 
occur in those cyanobacteria with a modified PsaL subunit. The fitting of EM and X-ray data  
indeed shows that PsaL likely plays a role in the tetramer formation because it is located right in 
the middle of the complex. 
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SUPPLEMENTARY DATA 
 
Phylogenetic  tree  (Supplementary  Figure.  S1A)  revealed  that  PsaL  proteins  of  Anabaena  and 
related heterocyst-forming cyanobacteria were clustered together into a unique clade distinct 
from the other cyanobacteria. Similar clustering was also found in the tree of the small membrane 
protein PsaI (Supplementary Fig. S1B) that is located next to PsaL in the 3D structure. In contrast, 
in the subuits PsaF  ( Lumenal protein which has role in electron transfer) and PsaA  (one of  the 
two  large  subunits  besides  PsaB)  no  distinct  separation  in  clades  is  seen  (reproduced  from 
Watanabe et al., 2011). 
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“I have never met a man so ignorant that I couldn't learn something from him”.  
- Galileo Galilei, Dialogue Concerning the Two Chief World Systems (1632). 
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“I am turned into a sort of machine for observing facts and grinding out conclusions.” 
- Charles Darwin.
SUMMARY   134 
IN THE BEGINNING 
Photosynthetic organisms exist since almost 4 billion years. The first bacteria had a simple 
reaction center and could only perform anoxygenic photosynthesis. Bacteria have just one type 
of reaction center, either type I or II. In some way or the other the two types of reaction 
centers came together in cyanobacteria, and evolved into to the photosystems I and II. This step 
was important in evolution of the whole planet because cyanobacteria were the first organisms 
able  to  carry  out  oxygenic  photosynthesis.  The  photosystems  have  the  unique  capacity  to 
perform and fix energy in a process where water splitting and oxygen evolution takes place.   
They  thus  provided  planet  Earth  with  an  essential  molecule  for  development  of  life,  i.e. 
Oxygen. Throughout the course of evolution, primordial organisms became more complex 
upon colonizing diverse environments resulting into the current day sophisticated systems. 
Notwithstanding the gap between primordial photosynthetic bacteria including cyanobacteria 
and higher plants, the photosystems as key catalysts have preserved their vital mechanism of 
sunlight  conversion  with  PSI  at  almost  100%  efficiency,  and  PSII’s  unique  water  splitting 
property. 
The most obvious global aspects of photosynthesis are the high energy conversion efficiency and 
the oxygen evolution. Another salient feature is hydrogen generation by some lower organisms 
such as cyanobacteria. All these features are priceless for current global demands of efficient sun 
utilizing/photochemical  devices,  environmental  concerns  and  prevailing  economics  of 
alternative energy source to fossil fuel depletion. So the importance of the proteins involved in 
oxygenic photosynthesis is obvious. Their diversity due to evolution upon adaptation, coupled 
to exploitation potential is captivating enough for researchers to understand as much of their 
relevant aspects, such as structural diversity, function and dynamics. A broad variety of aspects 
have been approached by researchers from different fields, such as Biochemistry, Molecular 
biology,  Proteomics,  Electron  microscopy,  X-ray  crystallography  and  last  but  least  
Spectroscopy.  Much  of  this  work  is  highly  complementary  and  has  been  carried  out  in 
multidisciplinary collaborations to get more impact. In fact, the chapters in this thesis also show 
many sides of combined approaches on systems that evolved early or later during evolution. 
In this thesis, efforts to understand protein complexes are largely aided by insight to their 
structures to view their assembly, associations or interactions, localize individual subunits, and 
relate  to  known  biochemical  information  under  diverse  physiological  conditions.  On  the 
medium and long term these structural research may be of help to modfy existing systems to 
increase  biofuel  and  hydrogen  production  to  name  just  two  aspects  that  will  become  of 
increasing importance to solve upcoming energy problems in the years to come.  
 
ON THE ASSIGNMENT OF SUBUNITS IN THE STRUCTURE OF NDH-1 COMPLEX USING YFP 
NDH-1 is a multi-subunit complex and counterpart of mitochondrial Complex I involved in 
proton translocation, cyclic electron flow around photosystem I and CO2 uptake. The function 
and location of several of its small subunits are unknown. In chapter  2 of this thesis, the 
location of the small subunits NdhL, -M, -N, -O and CupS of NDH-1 of the cyanobacterium 
Synechocystis 6803 was established by electron microscopy and single particle analysis.   135 
The novelty of this research is the way of assignment of subunit positions. This was done with a 
fused tag, the Yellow Fluorescent Protein (YFP). YFP and other fluorescent proteins of the 
GFP protein family have been used extensively for structural studies with light microscopy, but 
just for their fluorescence aspects. YFP is, however, a small and highly stable protein that can 
be visualized by single particle electron microscopy.  
The results on NDH-1 demonstrate that a GFP/YFP tag can be revealed after data processing of 
EM data sets of moderate size, thus showing that this way of labeling is a fast and reliable way 
for subunit mapping in multi-subunit complexes after partial purification. 
CHARACTERIZATION OF PHOTOSYSTEM STRUCTURES  
In chapter  3 of this thesis, the structure of the Photosystem I complex of Chlamydomonas 
reinhardtii  was  investigated.  A  PSI-LHCI  supercomplex  was  purified  to  homogeneity  and 
analyzed by biochemical, proteomic, spectroscopic and structural methods. They reveal the 
main  properties  of  this  supercomplex.  The  data  show  that  the  largest  purified  complex  is 
composed of one core complex and nine Lhca antennas and that it contains all Lhca gene 
products. A projection map at 15-Å resolution obtained by electron microscopy indicates that 
the Lhcas are organized on one side of the core in a double half-ring arrangement, in contrast 
with  previous  suggestions.  A  series  of  stable  disassembled  intermediates  of  PSI-LHCI  was 
purified. The analysis of these complexes suggests the sequence of the assembly/disassembly 
process. It is shown that PSI-LHCI of Chlamydomonas reinhardtii is larger, but far less stable, than 
the complex from higher plants. Lhca2 and Lhca9 (the red-most antenna complexes), although 
present in the largest complex in 1:1 ratio with the core, are only loosely associated with it. 
This can explain the large variation in antenna composition of PSILHCI from Chlamydomonas 
reinhardtii found in the literature. The analysis of several subcomplexes with reduced antenna 
size allows determination of the position of Lhca2 and Lhca9 and leads to a proposal for a model 
of the organization of the Lhcas within the PSI-LHCI Supercomplex. 
Further, in chapter 4, we compare the composition and structure of PSI complex in the green 
alga Chlamydomonas reinhardtii upon acclimation to high light conditions. Single particle electron 
microscopy revealed a heterogeneous PSI-LHCI preparation constituting of whole and partially 
disassembled complex projections.  Compared to preparations from standard light conditions, 
there were various smaller complexes present upon highlight acclimation with about average 
2.5 copies of Lhca proteins in highlight, instead of 8.4 for standard light per PSI complex. 
Besides loosing associated antennae, the model fitting shows that there are subsequent core 
subunits with roles in LHC binding or stabilization and electron transfer are lost. These novel 
complexes are smaller than the lhca2/9less projections seen before (chapter  3). Put together, 
these correlating results show that there is an effect on PSI-LHCI complex population upon 
high light acclimation, followed by a gradual shedding off associated antennae, and probably 
resulting into unstable complexes that further easily dissociate. The rational explanation in this 
case could be that even though the complex is large with extra antennae for increased light 
harvest, the complex system has an intensity threshold beyond which the complex start to 
dissociate or disassemble. This structural observation is contrary to the conclusion by Bonente 
et al., 2011 that the antenna size of photosystems I is not modulated by acclimation.   136 
Until recently the largest PSII complexes of Chlamydomonas reinhardtti were constituted of  a 
dimeric core with two LHCII trimers attached via 4 copies of minor antennae. In chapter 5 
we describe that upon solubilization with the mild detertgent digitonin it became possible to 
isolate substantially larger PSII complexes. They are composed of a core dimer associated with 
up to 6 LHCII trimers. If compared to similar higher plant supercomplexes with 4 LHCII 
trimers attached there are differences in the way of attachement. The larger supercomplexes 
are highly unexpected because Chlamydomas lacks the minor antenna protein CP24, involved in 
binding of some of the LHCII trimers. 
The moss Physcomitrella patens diverged from the ancestor of seed plants about 40 decades ago 
and came into focus of photosynthesis research since they can provide valuable insights into the 
evolution of photosynthetic complexes during the adaptation to terrestrial life. In chapter 6, 
intact  PSI  was  isolated  with  its  associated  light-harvesting  complex  (LHCI)  from  the  moss 
Physcomitrella  patens  and  characterized  its  structure,  polypeptide  composition  and  light-
harvesting  function  using  electron  microscopy,  mass  spectrometry,  biochemical  and 
physiological methods. It became evident that Physcomitrella possesses a strikingly high number 
of isoforms for the different PSI-core subunits as well as LHCI proteins. It is demonstrated that 
all those different subunit isoforms are expressed on protein level and are incorporated into 
functional PSI-LHCI complexes. Furthermore, in contrast to previous reports, it is shown in 
chapter  6  that  Physcomitrella  assembles  a  light-harvesting  complex  consisting  of  four  light 
harvesting proteins forming a higher plant like PSI superstructure. 
Since the first structural evidence for a trimeric organization of the PSI complex from the 
thermophilic  cyanobacterium  Thermosynechococcus sp.  25  years  ago  by  Boekema  et al.,  more 
monomeric and trimeric structures have been isolated. The last chapter, Chapter 7, provides 
the first available structural projection map of a tetrameric PSI complex from the mesophilic 
cyanobacterium Anabaena. This is the very first PSI tetrameric complex structure described and 
modeling indicates that a modified PsaL subunit is responsible for the different multimeric 
organization. It’s meaning is not yet understood, but attachement of phycobilisomes may be a 
function.   137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“It should, however, be borne in mind, that the enforcement of public opinion depends on our appreciation 
of the approbation and disapprobation of others; and this appreciation is founded on our sympathy, which 
it can hardly be doubted was originally developed through natural selection as one of the most important 
elements of the social instincts.”  
- Charles Darwin, The Descent of Man (1871).
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